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ASSOCIATION PHENOMENA. II. THEORIES OF CHAIN 
MOLECULES AND THEIR APPLICATION TO 
HYDROGEN BONDING IN GASEOUS 
HYDROGEN FLUORIDE 


Robert Ginell 


From the Chemisiry Department, Brooklyn College, Brooklyn, N.Y. 
Received December 3, 1947 


INTRODUCTION 


The phenomenon of association is well known to science, as it is only 
another way of describing such familiar phenomena as liquefaction and 
solidification. Nevertheless, it has not been emphasized as much as it de- 
serves, especially in connection with some of its more subtle aspects. The 
cause of this comparative neglect may be apportioned variously but, in 


general, among the reasons for this neglect the following surely are im- 


portant. Firstly, the interpretation of the experimental data is difficult, 
especially if one chooses to revert to more or less elementary concepts as 
a starting point. Secondly, the mathematical difficulties involved in 
treating a complex phenomenon of this type starting from such elemen- 
tary concepts are far from simple; indeed, it is doubtful if our mathemati- 
cal techniques are quite adequate to treat all the various and sundry 
mechanisms that have been postulated. As a result, association has been 
partly neglected and partly so simplified that it could be treated by the 
available mathematical tools. 

We shall not presume here to give a solution for the whole problem, but 
rather shall adopt some of the mathematical tools which have been 
developed in the theoretical studies on the formation of high polymers 
(which is a type of association) and apply them to the more general 
problem. In particular, we shall concern ourselves with the formation of 
chain molecules in the gaseous phase; 7.e., molecules which can attach 
identical molecules to themselves at two positions. 

In general, it is probable that a molecule is able to join another mole- 
cule at any other point of the other molecule. This tendency is, of course, 
opposed by the kinetic energy of the multitudinous collisions that con- 
stantly occur. However, if a bond is formed, it will usually form at that 
point at which the attractive force is strongest. Since both the forces of 
attraction and the kinetic forces of the collisions are widely distributed in 
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magnitude, we may safely postulate that all gases are associated inti 
larger aggregates, at least to a certain extent. In most gases, however, t 
forces that bring about this association are rather small in magnitude 
and hence are not what we usually think of as chemical forces, that i: 
primary valence forces, but are rather what we label as secondary valenq 
forces, the so-called van der Waals forces. ! 

Association in the broad sense includes all chemical combinations, bu 
in the narrower sense which we shall use here, it is limited to that type 4 
association which is due to these secondary valence forces. The formatio} 
of high polymers is a case of association according to the more gener4 
definition but not in the restricted definition. Nevertheless, the method 
used in treating the case of association in high polymers may be adapte 
to treat association due to secondary valence forces. 

The methods used in the field of polymerization have been of severg 
types. The thermodynamic and statistical methods have been used t 
describe equilibrium conditions in high polymers and the kinetic approac’ 
has been used to describe the course of the reaction. The application a 
these methods to copolymerization, which is a type of association i) 
which water is eliminated, has been reviewed at length by Flory (18, 
It has been found that the process of vinyl polymerization involves aj 
least three elementary steps (1, 2). The theory of this type of behavio 
has been investigated extensively by several investigators (3, 4, 5, 6 
In these treatments, however, association has been treated in a one-sides 
manner. Since by far the greater part of the monomers go to form polyme 
molecules, the growth aspect of association was treated but the concurren: 
phenomenon of dissociation was neglected. In many cases the omissio3 
was justifiable, since the former process was by far the more importan. 
and the omission of the latter problem simplified the mathematics con 
siderably. However, in certain cases, as for instance when a high polyme 
is subjected to thermal degradation, the dissociation aspect cannot b. 
neglected; here, on the other hand, the growth can be neglected. A treat 
ment of dissociation treated as a separate process has been made b: 
Simha and Montroll (7), Schultz (8), and Freudenberg, Kuhn and ca 
workers (19, 20). In general, however, the two parts of the problem 
association (growth and dissociation) must be considered simultaneous! 
(9). A theory of this sort, using statistical methods, has been presented b: 
Tobolsky (10) and, using thermodynamic methods, by Flory (11). Th 
kinetic approach to this problem has been used by Blatz and Tobolsk 
(12) as it regards step-wise polymerization. By making certain assump 
tions, they were able to solve the differential equations they obtained. 

However, a slightly modified approach is possible. Since the equilik 
rium state is probably the most important, then, if the kinetic approac. 
can be modified to describe this state, the results should be important 


| 
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This can be done if we describe all the processes that occur during associ- 
ation. Then we can say that at the thermodynamic equilibrium point 


oo) 


Ror (easel RO Aine ape 


where n; is the number of molecules of polymerization degree j. By this 
step, the differential equations, which are often very difficult, if not 
impossible, to solve in an analytic manner, are converted into more or 
less simple sets of algebraic equations which are susceptible of solution. 


MATHEMATICAL THEORY 


In the Blatz and Tobolsky (12) treatment, the assumption is made 
that both the growth and dissociation are random processes. That is, 
that any molecule of polymerization degree x will combine with any 
other molecule of polymerization degree y with the second order rate 
constant k, and that any molecule with the polymerization degree (x + y) 
will split randomly into two fragments with the first order rate constant 
kp; 1.€., 

Ks 
Nz F Ny = Ns + y. 


ko 


This is a possible process, but it is doubtful whether it is of general validity 
(13). In general, the rate at which a one-mer adds to a one-mer will probably 
be different than if a two-mer adds to a five-mer. Hence, in the treatment 
here, we shall assume that a one-mer will always add to a j-mer with a 
second order rate constant k; and that the dissociation of a one-mer from 
a j-mer will always proceed with a first order rate constant ke. We shall 
further assume that the rate constants for the addition and splitting of 
one-mers is much more important than that due to the addition and 
splitting of fragments of higher degrees of polymerizations; and hence, 
that these later processes may be neglected. This seems a ‘feasible assump- 
tion, at least as a first approximation. 


TABLE OF SYMBOLS 


m, = the number of monomer molecules 
n; = the number of polymer molecules consisting of 7 monomer units 
k, = second order rate constant of growth 
ke = first order rate constant of dissociation 
<= me = equilibrium constant for the reaction 
2 
Py = number average degree of polymerization 
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The following set of kinetic equations can now be written for these} 


mechanisms: 


(1) 


also 


(2) 


At equilibrium 


Hence 


(3a) 


(3b) 


(3c) 


(3)) 
and 


(4) 


a2 © k 
Shs = — kim Don; + ee as dn, — Kym. 
j=1 es 


a A oe 
a =i kin >on; + ke >on; =f kong — kom, 
at! i=l 
dnz k 
or — kynne + mI + kynzg — kene, 
dn3 
J ie = — kynyn3'+ kynn2 + kong — kena, 
dn; 
Br aes kynin; + kinnja + kenga — keon;, 


=1 


dn;/dt = 0 j = 1, 2, 3, 


a kin >on; + ken; + kone >> kon, => 0, 


1 ih 


kun? 


2 


her kynyne + aL kong = kone = 0, 


= kynyng ob kynyne cL kona = kong = 0, 


a kynyn; + kynynja + kenya — kon; = 0 


Solving, one obtains 


(5) 


| 
i. a ne 
— kym din; + ot adn, — ken, = 0. 
7=1 | 
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or 


(6) Dn; = m(S-R). 


oO 


To obtain the fraction of the molecules that are nj, one sets .-n; = AW 


j=l 


then 
(7) m= eCK +1 — (K+ 191] 
and 
or % i: 
(8) es cepa ae ON oe 


Using Eqs. (7) and (8), one can obtain the distribution spectrum once the 
ratio K is known. In Table I are shown some curves computed for arbi- 
trarily chosen values of K. 


TABLE I 
Number Distribution Spectrum for Certain Values of K and j 
> K=0.01 K=0.1 K=0.5 K=1 K=2 K=4 
nj nj nj nj ni nj 
1 0.995 0.950 0.764 0.586 0.382 0.219 
2 0.495107 | 0.0451 0.146 0.172 0.146 0.0959 
3 0.493 107+ | 0.00429 0.0557 0.101 0.111 0.0841 
4 0.490 10-* | 0.000407 | 0.0213 0.0589 0.0851 0.0736 
5 0.488 10-8 | 0.0000387 | 0.00813 0.0345 0.0650 0.0645 
6 0.485 x 107?° 0.00310 0.0202 0.0497 |. 0.0565 
7 0.00119 0.0118 0.0390 0.0495 
8 0.000453 0.00693 0.0298 0.0434 
9 0.00406 0.0227 0.0380 
10 0.00238 0.0174 0.0333 
DL 
12 0.0256 


The distribution spectrum by weight can also be obtained (6, 14). 


(9) : "i = weight fraction nj, 
Ljn; 
j=1 

where 


2 1 (Kn)?(2 — Kn, 
DJs = m oR ae mo 


7=1 
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The distribution for various values of K are given in Table II. 


TABLE II 
Weight Distribution Spectrum for Certain Values of K and j 


se K =0.01 K =0.1 K =0.5 K=1.0 K = 2.0 
<S inj inj inj Inj Inj 
1 0.990 0.9005 0.5528 0.2929 0.1008 0.03023 | 
2 0.985 x 10-2 | 0.08556 0.2111) 16.1716 0.0770 0.02648 | 
3 0:147 10-3 | 0.01219 0.1210 0.1508 0.0882 0.03480 | 
4 0.195 X10-> | 0.001545 | 0.0616 0.1178 0.0899 0.04066 
5 0.243 10-7 | 0.000183 | 0.0294 0.0862 0.0858 
6 0.0135 0.0606 0.0787 0.04681 
7 0.0060 0.0414 0.0720 0.04785 
8 0.0026 0.0277 0.0628 0.04791 | 
9 0.0183 0.0540 0.04722 
10 0.0119 0.0458 0.04597 : 
11 
12 | 0.04234 | 


The number average degree of polymerization is usually defined 
(15), : 
Ln; 
Z 


(11) Py = Ln; 


Making the appropriate substitutions, this becomes: 


= (Kn? — 2Kny +a 2) 


i egal cr vance), 


In Table III is shown Py as a function of K. It is very interesting that ii 


TABLE III 
Number Average Degree of Polymerization for Certain Values of K 

K PN 

0.01 1.00505 

0.1 1.05508 

0.5 1.38186 

0.8 1.72970 

1.0 2.00016 

1.5 2.76730 

2.0 3.78931 

3.0 5.44112 

4.0 7.24576 | 
5.0 9.28304 | 
7.0 13.21853 


10.0 19.20446 
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the case of K = 13 1.¢., ki = ke, the number average degree of polymeriza- 
tion is equal almost exactly to 2! 


APPLICATION TO GasEOUS HypROGEN FLUORIDE 


Since these theories are all based on various assumptions, it is import- 
ant that some experimental data be sought which would throw some light 
on the validity of the various assumptions. Unfortunately, such data is 
not plentiful in the literature. Some experimental work on equilibrium 
states in the case of high polymers has been made by Tobolsky and co- 
workers (16), but the data are not adequate for the application of these 
theories. However, a great amount of work on gaseous hydrogen fluoride 
is recorded in the literature. We shall use the data of Simons and Hilde- 
brand (17). For this purpose the formulae previously derived must be 
recast so that the equilibrium constant can be derived from the apparent 
or average molecular weight. Rearranging the previous equations 


_ (Py — 2) — (Py? + 4Py — 4)! 


(13) Km 2(Px =o 1) > 
Be) Smelt 12 Kor 


Blatz and Tobolsky’s equation can also be thus rearranged, giving 
(15) K te P Pye) 4 


The K in our treatment corresponds to what is usually denoted as K,, 
the mole fraction equilibrium constant. To convert this to Ky we use the 
relationship 


(16) Ky = teP’ 
where Av = the increase in the number of molecules in the reaction. 


Thus 
LIN; 
j 


Av = 21M ST 5p 


Taking >-jn; as 1, that is, the whole, the fractional decrease is 
i 


1 
(17) Av.= 1 — Py 


* The K in this equation is defined by our usage being K = ki/k2, not as in the paper 
ee kotk 
of Blatz and Tobolsky where it is defined as K = nies 
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We can now calculate the AH values for this reaction from the reaction 


isochore. 
din Ke" All: 


(18) FM 
In Table IV are shown the results of this calculation. 


TABLE IV 


K, and AH Calculated by the Theories of Blatz and Tobolsky and of This 
Paper from the Data of Simons and Hildebrand 


: Number of 
Tein bof Re | Apenaee | cs ipay nol ee Meer rape, eee ae “ong of 
234 .0739 87.4 4.37 .827| 3.94 — — 6 
252 .1895 81.6 4.08 .645 | 7.165 4105 3890 3 
263 .38079 74.3 3.715 .868 | 8.50 4115 3245 2 
273 4789 67.6 3.38 LPL 39759 3985 2893 a 
278.3 |. .5737 69.3 3.465 1.284 | 11.51 4000 3133 1 
281.6 | .6461 64.3 3.215 1.307 | 10.56 3800 2718 1 
285.0 | .7579 69.5 3.475 1.585 | 14.11 3840 2441 1 
289.0 | .8697 47.7 2.385 | —1.589|] 6.09 (out of (dis- 
line) carded) 
Average] 4009+77 | 3149+450 


CONCLUSION 


From the results derived, it is impossible to obtain conclusive proof 


as to which theory more adequately represents the experimental data, | 


although the AH values obtained by the, theory in this paper scatter a 
little less than those derived from the Blatz and Tobolsky treatment. 
More experimental data are needed before the question can be decided. 
Work on this point is in progress. 


SUMMARY 


1. A theory of association with certain limiting assumptions is de- 
rived which gives the distribution spectra by number and weight and the 
average molecular weight of the substance once the equilibrium constant 
is known. 

2. This theory is compared with that of Blatz and Tobolsky and both 
theories are applied to data on the average molecular weight of gaseous 
hydrogen fluoride, the AH and K, values being calculated by both theories. 
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RIGIDITY OF CHAIN MOLECULES AND ITS DETERMINATION 
FROM VISCOSITY AND FLOW BIREFRINGENCE IN 
DILUTE SOLUTIONS 


Werner Kuhn and Hans Kuhn 
(Originally translated from the German by Mrs. I. G. Callomon and 
R. Simha and subsequently revised and extended by the authors.) 
Received June 13, 1947 


I. QUALITATIVE CONSIDERATIONS REGARDING SHAPE AND 
CHANGE OF SHAPE OF CHAIN MOLECULES IN SOLUTION 


It is well known that a large number of substances of high molecular 
weight consist of chain molecules. These molecules are composed of a 
great number of atoms or groups of atoms which are linearly connected 
as a chain. Rubber, polystyrene, cellulose and its derivatives, and many 
protein compounds belong to this group. Dissolved in a proper medium, 


Fia. 1. Shape of a molecule of a normal paraffin hydrocarbon of high molecular weight 
(formula Cso0H1002) in benzene solution. 


these molecules very often assume the shape of a so-called statistical 
coil (1). This is a very loose coil as shown in Fig. 1. In the following, we 
shall see that, apart from the total extended length of the chain, the 
distance between the ends, which we shall designate as h, is a very im- 
portant quantity, which determines the most diverse properties of the 
chain, or the whole suspension, respectively. 
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The shape of the coil and the distance h are subject to continuous 
changes. The reason for these changes is given by the ability of parts of, 
the molecule to rotate more or less freely around a given valence direction 
as axis relative to the rest of the molecule. These rotations around the 
different axes in the chain are produced by thermal agitation in the 
solution. The movements occur more rapidly, the higher the temperature and 
the more nearly free rotation is realized. Since the temperature is finite and 
rotation is restricted, and since the chain molecule is imbedded in a 
solvent which opposes rapid motion of the chain parts due to its viscosity, 
one can ask how rapidly changes of constellation! of a given chain 
molecule will occur on the average. These questions can be answered on 
the basis of either viscosity or flow birefringence in dilute solutions 
(2, 10). We shall see that, for instance, a molecule of polystyrene with a 
degree of polymerization of 1500 requires approximately 10~* sec. in 
cyclohexanone to change its internal constellation completely. The time 
necessary to accomplish such a complete change, in the following referred 
to as macroconstellation changing time, is dependent on the so-called shape 
resistance, 1.e., on the resistance with which the chain opposes, for internal 
reasons, a rapid change of configuration. 

For an exact definition of these parameters and their determination 
from viscosity and flow birefringence, it is necessary to start with some 
information about the characteristics of a chain molecule and its shape 
in a solution at rest. 


II. DEGREE OF POLYMERIZATION; STATISTICAL CHAIN ELEMENT 


A characteristic parameter of a high polymeric substance is repre- 
sented by the degree of polymerization Z, 2.e., the number of monomer 
units which are linearly connected to a chain. It is related to the molecular 
weight M, 

M =.M;,:Z, (1) 


where M, is the molecular weight of the monomer unit. For rubber 
M, = 68, so that for a molecule of degree of polymerization Z = 1500, 
M = 100,000. Closely connected with Z is also the maximum extent L 


‘We define as constellation isomers such isomers as can be produced from one 
another by rotation of parts of the molecule about valence directions as axis relative to 
the rest of the molecule. Constellation isomers are, for instance, chair and boat arrange- 
ment of cyclohexane and cis and trans isomers of ethylene derivatives. 

This definition is slightly different from the definition of constellation isomerism 
given some years ago by F. Ebel (Freudenberg’s Stereochemie, Leipzig and Wien 1932, 
pp. 5385 and 825). A constellation isomerism, in this earlier definition, was tanived +0 
products produced from one another by rotation about single aliphatic C—C bonds 
As the definition of a single bond has become somewhat ambiguous (e.g., in benzene on 
other compounds containing conjugated double bonds), the more dotiead? definition 
including rotations about any axis seems to be appropriate. 
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of the zig-zag chain, 7.e., of the chain as obtained without distortion of 
valence angles or atomic distances. Because this factor is of decisive 
importance for the hydrodynamic behavior in solution, we call it the 
“hydrodynamic length of the chain molecule.’’? Obviously 


L=2Z:-b, (2) 


where b is the hydrodynamic length of the monomer unit, i.e., its length 
measured in the direction of the extended zig-zag chain. X-ray data show 
that in the monomer unit of rubber (isoprene) b = 5.0 X 10-8 cm., so that 
for a molecule of degree of polymerization Z = 1500, L = 7.5 X 10-> cm. 

We mentioned before that, apart from the hydrodynamic length L, 
the distance measured in a straight line, h, between the chain ends is of 
greatest importance for the actual behavior of a molecule. A multitude 
of various h values occurs simultaneously in a solution of otherwise equal 
chain molecules. In a given chain, h is subject to constant changes. In 
order to arrive at a result for the relative frequency with which the various 
h values occur on an average in a static solution it is necessary or at least 
feasible to introduce the concept of the ‘‘stagistical chain element” (3). 
The chain element constitutes a part of the chain of average length A. 
Its definition is based on the postulate that, when proceeding along the 
chain, the orientation of a given statistical element will be independent 
of the orientation of the neighboring element in the chain. The average 
value of A to be assumed depends on s, the number of monomeric units 
joined to a statistical element. The s value is arbitrary within certain 
limits. There can be chosen, however, a preferential s value (4), v2z. 8m, in 
such a way that the corresponding A value, Am, will be equal to: 


Aas, 10: (3) 


Since each preferential chain element consists of s,,, and the whole chain 
of Z monomer units, the total chain is divided into: 


No L/S (4) 


preferential statistical elements, each of length A,. Because of Eqs. (3), 
(4), and (2) we have then: 
NGA = L. (5) 


For rubber s,, is approximately 2.8 (4) and A, = 13 X 10-8 cm. A rubber 
molecule of a degree of polymerization Z = 1500 (molecular weight 
; 1500 
100,000) consists, therefore, of approximately Nm = cose 525 preferen- 
tial statistical elements, of length 13 * 107° cm. 
In general A, will be larger, the more closely the angle which is 
formed by two successive valence directions of the chain approaches 
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180°. In this case we must proceed from a given point P of the chain 
axis for a longer distance along the filament before the local orientation 
of the chain axis becomes practically independent of the orientation at 
point P. A» is also larger, the bulkier the molecule. However, there 1s not 
necessarily a connection between A» and the shape resistance of the molecule— 
defined later —, i.e., no connection between length Am and the tume it takes 
the molecule to change its internal configuration by rotation around valence 
bonds. 


IlI. DistRIBUTION FUNCTION FOR DISTANCE fA IN A 
SOLUTION AT REST 


Let us place one end of a molecule at the origin of a coordinate system 
and then, beginning at that end, proceed along the chain. After proceed- 
ing along each statistical element of length A, we must determine, by 
playing dice for instance, the direction of the next step, 7.e., the orienta- 
tion of the next statistical element of length A,,. This corresponds to the 
fact that the direction of each statistical element is independent of the 
direction of the preceding (and of the following) element. The position 
of the chain end of a molecule with N,, preferential elements can thus be 
determined by a number N,,,of arbitrary choices of directions. The prob- 
ability W(h) for the occurence of an end-to-end distance of magnitude h may 
therefore be obtained by purely statistical considerations. 

The result is according to Refs. (3) and (4), as follows: The probability 
that the value for the distance between the two ends of a molecule lies 
between h and h + dh equals: 


W(h)dh = Ke-Gt2NmAn® h2gh (6) 


or the probability p(x, y, z) dv-dy-dz that one end of the chain is located 
in a volume element dx dy dz when the other end is placed at the origin 
of a coordinate system equals: 


p(x, y, 2) dx dy dz = K'e-(8a*+ut2% 12NmAm) dy dy dz 
= K'e- (sr? /2NmAm?) dx dy dz. (7) 


K and K’ are constants, and Eqs. (6) and (7) are approximations. More 
exact distribution functions can be given (4, 6), but are superfluous for 
the following discussion. The distribution function p(x, y, 2) of distances 
h is reproduced in Fig. 2 according to Eq. (7). The density has a maximum 
for h = 0. Comparing, therefore, volume elements of equal size dx dy dz, 
the probability of finding one end of the chain in a given volume element 
is largest at h = 0, 7.e., in the neighborhood of the other end, The mean 
square value of h can be computed from Eqs. (6) or (7) as: 


h? — NmA m. 1 (7a) 
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It has been pointed out that the value for h of a random chain is con- 
tinuously changing. The distribution in Fig. 2 can be considered as a 
measure for the relative period during which a given molecule has a 


O 0.5 | LS 


Fig. 2. Mean distribution function p as function of the end-to-end distance h. 


distance h or as the distribution function of h among many identical 
chains at a given moment. 


IV. Kinetic INTERPRETATION OF THE DISTRIBUTION 
FUNCTION IN A SOLUTION AT REST 


By considering a totality of many chain molecules the distribution 
in h (Eqs. (6) and (7)) can be kinetically interpreted by the following 
picture (4, 5): 


(1) the chain ends tend to assume a random distribution as a conse- 
quence of thermal motion (diffusion). 
(2) a force of magnitude? 


3h 


oF Ae 


kT (8) 


2 The assignment of a private entropy and a private free energy to a chain whose end 
points are fixed at distance h was introduced for the first time in 1936 by W. Kuhn (7). 
This has been generally accepted and used in subsequent papers by other authors (5, 12). 

The establishment of a stationary distribution function of the vector h in a stream- 
ing solution under the influence of the contraction force (8), the thermal motion and 
further forces (shape resistance and viscous resistance of the surrounding medium; for 
details see below) has been treated by W. Kuhn and H. Kuhn in 1943 and in subsequent 
papers (4, 2, 10). In these papers as well as in papers by other authors (5, 12) the hy- 
pothesis has been made that the probability force (8) can be used in a calculation of the 
distribution function in h in a similar way as if it were a conservative force. The validity 
of this procedure has consequently been proved by W. Kuhn and F. Griin (18). 
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is actirig on the chain ends in the direction of the vector h, effect- 
ing a contraction of the chain to smaller and, according to Fig. 2, 
more probable values of h. 


We may remark that the statistical force (8) is of importance not only 
for the behavior of the chains in solutions at rest or in motion, but the 
elastic tension in an extended piece of solid rubber can also be quantita- 
tively explained by this type of force. To recognize this fact qualitatively, 
we have to consider that the vectors h corresponding to the chain parts 
located between vulcanization points become oriented and changed in 
their length during the extension of the sample. 

The diffusion tendency mentioned above and the force according to 
Eq. (8) will be important in the streaming solution because they will 
determine, together with additional effects, the shape and orientation of 
the molecules. It can be qualitatively seen, furthermore, that the me- 
chanical properties of the solution, especially the viscosity, depend largely 
on the magnitude and shape of the dissolved molecules. 


V. DEPENDENCE OF OpTIcAL ANISOTROPY OF CHAIN 
Mo.ueEecuLes ON END-TO-END Distance h 


Since flow birefringence will be discussed later on, we wish to refer in 
this connection to the optical behavior of the single chain molecule, 1.e., 
to the dependence of the optical anisotropy of the molecule on its end-to- 
end distance h. 

We first consider the individual statistical chain element as a particle 
which is made from optically anisotropic material, and which at the same 


Xy 
. EEX, 
wa h a, 


a b 
fia. 3. (a) Optical polarizability of a statistical chain element represented as an 
ellipsoid of revolution with axes a; and an. (b) Chain consisting of Nm statistical elements 
of length A», the ends of the molecule being held at a fixed distance h. The optical 


polarizability can be described by an ellipsoid of revolution with the axes v1 and y2 
v1— v2 being given by Eq. (9). 
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time has an elongated shape. The optical polarizability of the element is 
determined by both of these two facts. It can be described in terms of an 
ellipsoid of revolution with the axes a; in the direction of the statistical 
element and a perpendicular to it, respectively (6) (Fig. 3a). For rubber, 
for instance, a1 — a2 = 75 X 107% em’. 

If the chain consisting of N,, statistical chain elements were com- 
pletely extended, the polarizabilities of the total chain would have the 
magnitudes N,,ai, and N,,a2, respectively. In the case of a coiled chain 
the distance h will, however, be far less than L. If we then place the direc- 
tion of the vector h in the z-axis, we can see that, even in this case (h 
much smaller than L), there must be a certain preferential orientation of 
the statistical elements in the h direction. W. Kuhn and F. Gruen (6) 
investigated the corresponding statistical problem. The result is that the 
polarizability of the total molecule with an end-to-end distance h can be 
represented by an ellipsoid of revolution with the axes 7, in the direction 
of vector h and with y2 normal to it. 


h2 
V1 — ¥2 = $(a1 — 2) a (9) 


(Fig. 3b). The anisotropy of the polarizability of a chain with a given h 
value can thus be given, and consequently also the contribution of a 
chain molecule with a given distance h and a definite orientation to the 
polarizability of the whole medium. Therefore, the double refraction of a 
suspension can be given if the distribution function of the vectors h with 
respect to direction and amount is known. Thus, the whole question of the 
flow birefringence and the viscosity of a suspension of chain molecules is 
reduced to the question of the distribution functions of the various directions 
and values of the vectors h in the streaming solution. 


VI. Exvastic TENSIONS AND RELAXATION EFFECTS IN THE 
Motion or Souips THROUGH Viscous MEDIA 


Before proceeding to the definition of the shape resistance of long chain 
molecules we wish to repeat some facts about the connection between 
ordinary viscosity and the relaxation of mechanical stress in a viscous 
liquid. When moving a rod through a highly viscous liquid, such as 
liquid glass, we must constantly apply a force in the direction of the 
motion of the rod. This force causes mechanical tensions in the viscous 
substance, because distances between the atoms undergo small changes 
due to compression or shearing stresses. These tensions, nevertheless, are 
gradually relaxing by a reorientation of the molecules; this fact becomes 
especially clear when the position of the rod is supposed to be kept con- 
stant after a certain period. The force necessary for a continuous motion 
of the rod corresponds, therefore, to a steady state which occurs as a 
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consequence of relaxation of stress on one hand and simultaneous genera- 
tion of new tensions through further motion of the rod on the other hand 
(8). Due to the interaction of these two effects the force which we must 
apply in moving the rod through the liquid is proportional to the speed 
imparted to the rod. The proportionality factor depends on the size and 
the geometrical shape of the rod and is essentially proportional to the 
viscosity of the liquid. 


VII. DEFINITION OF THE SHAPE RESISTANCE OF CHAIN MOLECULES 


In the preceding section we discussed the nature of viscosity while in 
earlier sections the importance of the end-to-end distance h has been 
established. On this basis, there shall now be given a definition of the shape 
resistance of a chain molecule (2). For this purpose we assume that the 
end-to-end distance h of a chain molecule is abruptly changed by Ah. 
At initial length h the distances between adjacent atoms, as well as the 
valence angles, were distributed in such a way that the potential energy 
corresponding to these distances and angles corresponded to a minimum 
(disregarding some deviations through thermal agitation). Since the 
change from h to h + Ah took place fast enough, this minimum condition 
no longer applies to the molecule in the extended state; interatomic dis- 
tances and valence angles will be somewhat distorted. A certain potential 
energy will thus be produced by the sudden distortion. To the potential 
energy there corresponds a restoring force which is proportional to Ah 
(and which is added to the statistical restoring force according to Eq. (8)). 


dh/dt 


NS 
ke 


Fig. 4. Chain molecule whose ends move at speed dh/di relative to each other opposes 
this change by a force kz proportional to the velocity dh/dt. 


When subsequently, after distortion, the distance between the ends of the 
molecule is kept constant at h + Ah, the distortion of valence angles and 
bond distances will disappear rapidly, and simultaneously the correspond- 
ing potential energy and the restoring force due to distortion. The elastic 
tensions due to energy effects in the chain molecule disappear (similar to the 
disappearance of the mechanical tensions in a viscous liquid) by the read- 
Justment of the distribution of the valence angles in the molecule by utilization 
of the partial free rotation around the valence bonds. By changing the dis- 
tance A continuously at a rate of dh/dt (Fig. 4), a stationary state is 
reached similar to that in the motion of the rod through a viscous liquid. 
It results from an increase in the energetic elastic tension as a consequence 
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of continuous deformation and from a simultaneous decrease by relaxa- 
tion. The force kz necessary to move one end of the chain with speed 
dh/dt relative to the other therefore becomes proportional to the speed 
dh/dt, 

ke = — B(dh/dt). (10) 


The proportionality constant B corresponds to the viscosity in the case 
of a rod moving through a viscous liquid. Thus B is a measure of the re- 
sistance of the chain molecule to rapid changes of shape, i.e., changes of the 
distance h. We shall, therefore, call B the shape resistance of the chain 
molecule. Eq. (10) gives the force which must be applied in addition to 
Eq. (8) to deform the chain with speed dh/dt; it is exclusively used to 
overcome the shape resistance of the chain. If the chain is imbedded in a 
highly viscous liquid, another force, namely, the force of external friction, 
is added to the aforementioned forces for overcoming the viscosity of the 
surrounding medium. All these forces will be considered during the dis- 
cussion of the behavior of molecules in streaming solutions. 


VIII. ORIENTATION AND DEFORMATION OF CHAIN 
MOLECULES IN A SOLUTION IN MorTIOoN 


In a previous section we have considered a solution of chain molecules 
in a state of rest. The distribution of magnitudes of the vectors h was 
given by Eq. (6), while their orientations were random in space. If such 
a liquid is made to move, we realize at once that only the gradient of flow 
in the solution will enable us to measure the viscosity and the flow bire- 
fringence. (A uniform translation of the liquid as a whole does not give 
rise to any such effects.) Let us assume a liquid with flow in the z-direction 
in Fig. 5a, and a velocity gradient y in the z-direction. To simplify matters, 
we consider the distribution of the vectors h of our molecules in respect to 
magnitude and direction in the z—z plane only. A molecule suspended in 
the solution is inclined to accommodate itself to the motion of the surround- 
ing liquid as completely as possible. In particular, the center of gravity of 
the chain will assume the speed of translation of the surrounding liquid. 
In this way the molecule as a whole experiences a uniform translation. 
For the further description we introduce a coordinate system which 
participates in the translation of the center of gravity of the molecule, 
i.e., a system in which the center of gravity of the molecule rests (Fig. 5b). 
Since a gradient of flow exists in the liquid, we can see that the parts of 
the molecule on the right side of its center in Fig. 5b (e.g., end point 1) 
are surrounded by liquid moving in the upward direction, and molecule 
parts on the left of the origin (¢.g., end point 2) by parts of the liquid 
moving in the downward direction. Again the segments adjacent to points 
1 or 2, respectively, will strive to participate as completely as possible in 
the motion of the surrounding liquid. 
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b 


Fig. 5. (a) Chain molecule suspended in a liquid subject to a shear gradient. The 
center of gravity adopts the speed of the surrounding liquid volume elements. (b) 


Motion of the surrounding liquid as observed in a coordinate system which participates 
in the translation of the center of gravity. 
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Disregarding for the moment the shape resistance of the molecule 
as well as other forces, such as the force represented by Eq. (8), we see 
that point 1 moves in the positive and point 2 in the negative z direction. 
After some time, the molecule will have moved from positions 1, 2, to 
positions 1’, 2’ in Fig. 6, which means that the direction of vector h has 
changed. The axis of the molecule has rotated and simultaneously, the 
absolute value of vector h has changed, 7.e., increased in Fig. 6 and de- 


Fia. 6. Since the molecule end points have the tendency to adopt the speed of the 
surrounding liquid, the molecule is transferred from position 1, 2 to position 1’, 2’ under 
the influence of the gradient. Simultaneously, direction and length of vector h change 
(distances 1—2, 1’—2’, respectively). 


creased in Fig. 7. The direction of rotation of vector h is the same in 
both figures. 

Summarizing the behavior of the chain molecule in a streaming solu- 
tion, we have found that: The molecule as a whole participates in the trans- 
lation of the surrounding liquid. On this translation 1s superimposed a rota- 
tion of vector h occurring always in the same direction. To this motion is 
added a periodic dilatation and compression of the length of vector h (4). 
Furthermore, the speed with which vector h rotates is large when h is 
perpendicular to the direction of flow (perpendicular to the z-direction of 
Figs. 5-7), and small when h is almost parallel to z. That means that the 
molecule does not spend equal periods of time in the different orientations. 
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Thus, a preferential orientation of the axis of the molecule is connected 
with the periodic dilatation and compression of the length h. This orien- 
tation of the vectors h is partly destroyed by thermal motion which 
tends to produce a uniform orientation of the molecule axes. The compres- 
sion and dilatation of vectors h are also to some extent modified, first by 
the thermal motion in the direction of vector h; second, by force (Eq. 8) 
which causes the ends of the molecules to attract each other for statistical 
reasons; and third, as a consequence of the shape resistance, 7.e., the 


Fie. 7. During the change from position 1, 2 to 1’, 2’, a change of direction and also 
a contraction of vector h occur. 


resistance (Eq. 10), which is proportional to the speed dh/dt of a change 
in distance h. It is, therefore, obvious that the speed of deformation 
dh/dt in the moving solution is greater, the greater the velocity gradient 
in the liquid surrounding the molecule. Therefore, the effect of the shape 
resistance of the chain molecule becomes especially evident under condi- 
tions of large shear rates. 

It is easily seen that the molecule is always able to participate in the 
change of direction of the vectors h, but that it does not completely realize 
the change in length which. would correspond to the change from the posi- 
tions 1, 2 to 1’, 2’ in Fig. 6. This is partly prevented by forces represented 
in Kgs. (8) and (10). As a consequence of this only partly realized change 
of length, the ends of the molecules (points 1 and 2 in Fig. 6) attain, in 
flowing solutions, finite speeds relative to the surrounding liquid. (The 
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liquid moves from 1 to 1’, for instance, regardless of whether the molecule 
end 1 can completely follow this motion.) As a consequence of this rela- 
tive velocity frictional forces appear. We can comprehend them, by 
assuming that there is localized one-fourth of the total chain in each of the 
points 1 and 2 of the molecule given in Fig. 6 while the hydrodynamic 
effects of intermediate chain parts are neglected. Assuming that the chain 
end 1 has the speed w relative to the surrounding liquid, the additional 


+Z 


Fig. 8. Distribution of the chain end points in a streaming solution for molecules with 
large shape resistance. One end of all chain molecules present per unit volume is, in this 
representation, placed at the origin of the coordinate system. The direction of flow coin- 
cides with the z-axis; that of the gradient of flow with the z-axis. Molecules with high 
h values are highly oriented in the streaming solution. 


force k; acting on this chain end as a consequence of friction with the 
surrounding liquid of viscosity no equals 

ks = wyodL/4 (11) 
where 2 is a frictional factor, which, for moderate values of Z as a rough 


approximation, is equal to 37/2 (4). According to more recent investiga- 
tions (9), 4 must be expressed by the equation: 


1 


—0.05 + 0.12 logio 4" + 0.037 ae: VZ 


> 


where A, represents the length and d, the thickness of the statistical 
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chain element.? For the following it is sufficient to know that \ is a 
numerical constant for a given molecule. 

In the solution at rest, the distribution calculated in Eq. (6) results 
from the interplay of the diffusion of the molecule ends and the force 
shown in Eq. (8). In the streaming solution a distribution function is ob- 
tained which is dependent on the gradient of flow and is based on the 
diffusion tendency of the molecule ends and on forces shown in Eqs. (8), 
(10), and (11). The detailed calculation shows, as could be expected, that 
we find the vectors h in certain angular positions more frequently and 
that their absolute values are larger in certain orientations and smaller in 
others (Fig. 8). 


IX. DEPENDENCE OF FLOW BIREFRINGENCE AND VISCOSITY ON THE 
FLow GRADIENT IN SOLUTIONS OF CHAIN MOLECULES WITH 
SMALL AND LARGE SHAPE RESISTANCE (2) 


From the considerations just described we can not only determine the 
distribution function of the vectors h, but also the speed with which they 
rotate or change their length. Thus, again, the speed of the parts of the 
molecule relative to the surrounding liquid is given. These relative 
velocities determine essentially the rate of dissipation of energy due to 
the presence of a particle in the streaming solution and, therefore, the 
viscosity of the suspension. Thus, a knowledge of the distribution func- 
tion of the vectors h makes a computation of the viscosity possible. 
On the other hand, the optical behavior of the solution can also be de- 
termined immediately when the distribution function is known. A chain 
molecule with end-to-end distance h must be considered as an ellipsoid 
of revolution with the polarizabilities yi and y2 (Eq. (9)). When we know 
the distribution in the solution of the h values according to magnitude 
and orientation, we also know the polarizability of the suspension in any 
direction. This determines the index of refraction of the solution as a 
function of the direction of polarization and propagation of the light 
used. Consequently, the magnitude and direction of the birefringence 
1 — N2 can be obtained. Parts of the results are shown in Figs. 9 and 10. 


3 According to Eq. (12), d will be practically constant for low values of Z and inversely 
proportional to VZ for elevated values of Z. As has already been pointed out in 1943 
(4), this dependence of \ corresponds to the fact that the statistical coil consisting of a 
low number of chain elements is completely washed through if moved through a liquid, 
while an increasing amount of solvent is immobilized inside the coil if the number of 
statistical elements is increased. The limiting cases of complete, viz., missing immobiliza- 
tion, has been considered in early papers by W. Kuhn (3) on one hand, and by M.'L, Hug- 
gins (17) on the other. The partial immobilization of solvent inside the coil is completely 
neglected in some recent papers by P. Debye (16) and by H. A. Kramers (15). The con- 
cept of partial immobilization of solvent has however been adopted subsequently by P. 
Debye (18) and H. I. Brinkman (19). 
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a. Flow Birefringence 


In Fig. 9, 1 — ne is plotted against the gradient of flow y. Curve 1 
represents the case of a small shape resistance (B in Eq. (10) equals zero) 
and Curve 2 the opposite extreme (B = ~). For small gradients of flow 
(y) Curves 1 and 2 coincide, which proves that the amount of flow bire- 


Fia. 9. Dependence of the amount (nm: — nz) of the flow birefringence on gradient 
of flow y. Curve 1: Vanishing shape resistance; 7z.e., B = 0; Curve 2: Large shape re- 
sistance, 7.e., B >> Zbdno/8. 


Fig. 10. Dependence of intrinsic viscosity 7sp on flow gradient y. Curve 1: Vanishing 
shape resistance; 7.e., B = 0; Curve 2: Large shape resistance, 1.e., B > Zbdno/8. 


fringence, in this case, is independent of the magnitude of the shape 
resistance. We mentioned in a preceding paragraph that such behavior 
_ was to be expected, the extra force from Eq. (10) due to shape resistance 
becoming important only in the case of a large shear gradient, because 
only in this case dh/dt values of considerable magnitude will occur. 


26 WERNER KUHN AND HANS KUHN 


It therefore becomes clear that molecules with large and small shape 
resistance cannot be distinguished by the extent of the double refraction 
of flow at small velocity gradients. On the other hand, Fig. 9 shows that 
there is a very definite difference at large gradients. In chain molecules 
with small shape resistance the parameter n1 — Nz increases more than pro- 
portionally to y; for molecules with great shape resistance, that 1s, more 
nearly rigid molecules, less than proportionally to v. Also this behavior is 
easily understood from the qualitative description of the behavior in 
solution. In molecules with small shape resistance the change from posi- 
tions 1, 2 in Fig. 6 to positions 1’, 2’, which is connected with a strong 
increase of vector h, can occur readily. A molecule with a great shape 
resistance, on the other hand, participates in the change of orientation of 
vector h but not in the change of length. In molecules with great shape 
resistance the distribution of length of the vectors h as it was realized in 
the solution at rest (Eq. (6)) is almost completely retained in the moving 
solution. These molecules rotate but their length changes hardly at all 
in the course of one rotation and only very little in the course of many. 
(In the solution in motion the average expanding forces somewhat exceed 
the average contracting forces.) In a suspension of molecules with small 
shape resistance, we find, in orientation 1’, 2’ of Fig. 6, molecules with 
strongly increased h values, i.e., with very great optical anisotropy according to 
Eq. (9), but not in an otherwise identical solution of molecules with great shape 
resistance. This explains the stronger increase in the amount of birefringence 
in suspensions of molecules without shape resistance than of molecules 
with a high shape resistance. 


b. Viscosity 


In Fig. 10 the dependence of the intrinsic viscosity of a solution of 
chain molecules of given molecular weight.is plotted against the gradient 
y. Here also, Curve 1 corresponds to small, and Curve 2 to large, shape 
resistance of the solute molecules. The intrinsic viscosity of a solution is 
independent of the magnitude of the shape resistance B for small gra- 
dients. The reasons for this are identical with those advocated in explain- 
ing Fig. 9. Fig. 10 also shows that the intrinsic viscosity for chain mole- 
cules with small B is independent of the gradient y up to high y values. 
On the other hand, the intrinsic viscosity for a “stiff” molecule decreases 
in the range of large gradients of flow. This difference can be qualitatively 
deduced from the fact that the molecules with a small shape resistance, 
but not those with a large one, are strongly expanded during the change 
from positions 1, 2 to 1’, 2’ in Fig. 6. The larger the h values, however; 
the larger the relative velocities between the ends of the molecule and the 


surrounding liquid, and the larger the dissipation of free energy in the 
solution and the intrinsic viscosity. 
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X. COMPARISON WITH EXPERIMENTAL ResuLts: DEPENDENCE OF 
SHAPE REsISTANCE B ON DEGREE OF POLYMERIZATION Z 


The behavior of the flow birefringence and the viscosity of solutions 
of chain molecules as shown in Curves 1 and 2 of Figs. 9 and 10 has 
also been observed in actual experiments. There are cases indicating 
large and others indicating small shape resistance. It is characteristic 
that solutions indicating small shape resistance on the basis of their 
birefringence show an analogous viscosity behavior and that a solution 
with a birefringence corresponding to Curve 1 of Fig. 9 has a viscosity 
curve corresponding to Curve 1 in Fig. 10 and vice versa. It also appears 
that in a series of homologous polymers the lower members possess large B 
values and the higher ones small B values in Eq. (10). It can be shown theo- 
retically that, with increasing degree of polymerization in a homologous 
series, B decreases proportionally to 1/Z: 


B= £/Z, (13) 


where @ is a constant in the series.’ 


TABLE I 
Substance Solvent B A ate ela Ps 
Cellulose nitrate Butylacetate 2.3X10 11,000 1.31073 
Cellulose nitrate Cyclohexanone 10 8,500 4.7X 10% 
Methylcellulose Water 2xX107° 7,600 6.4X 10-5 
Polystyrene Cyclohexanone 1073 11,400 1.610 


By evaluating cases where the curves for viscosity and birefringence 
are somewhat between those in Figs. 9 and 10, it is possible to compute 
the values for B in Eq. (10) or for 8 in Eq. (13). The 6 values so obtained 
are given in Table I, Column 3. 


4The proportionality of B to 1/Z, that has thus been demonstrated both experi- 
mentally and theoretically, is of interest in connection with an attempt made by 
Frenkel (5) to describe some relaxation phenomena in bulk rubber under a different 
assumption, namely, under the hypothesis that B (in the present designation) is inde- 
pendent of Z. It is clearly seen that Frenkel’s hypothesis must be abandoned. 

It must, moreover, be emphasized, that our treatment of the behavior of dissolved 
chain molecules should not be applied without essential changes to problems concerned 
with bulk rubber. Attention should be paid especially to the fact that bulk rubber ex- 
hibits, with respect to a movement of chain fragments, a viscosity which is highly de- 
pendent upon the shape and molecular weight of the diffusing parts; in the decisive 
region of high molecular weight M of the diffusing parts, the viscosity of bulk rubber 
increases exponentially with M (14). 
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XI. Acrivation ENERGY g FOR RESTRICTED ROTATION 


We showed in Section VII that the shape resistance for the chain or 
its resistance to rapid changes in configuration are connected with the 
restricted rotation’ around the valence bonds in the chain. Actually the 
molecular shape resistance will be larger, the larger the activation energy 
g which must be applied to rotate on segment around the axis of a valency 
bond relative to another segment from a position of minimum potential 
energy into a neighboring minimum position. For ethane this energy 
q (necessary to rotate one CH; group around the C—C bond as axis by 
60° from a position of minimum potential energy) is approximately 
3000 cal./mole; for dichloroethane qg is approximately 6000 cal./mole. 
Since the constant 8 depends on the extent of restricted rotation and, 
therefore, on gq, it is possible to compute from the data for B (Eq. (13) and 
Table I, Col. 3) the activation energy q. These data are given in Table I, 
Col. 4. All values are slightly higher than those for ethane and dichloro- 
ethane. Taking polystyrene as an example, we find that the high values 
are quite reasonable because the bulky phenyl group causes steric hin- 
drance. A comparison of the data in Table I seems to indicate that the 
value for q for a given substance is, within certain limits, dependent on the 
solvent. This also seems reasonable since the steric influences of the 
solvent molecules surrounding the solute molecule must become notice- 
able in the act of rotation. 


XII. Time REQUIREMENT FOR SPONTANEOUS CHANGES IN INTERNAL 
CONSTELLATION OF A CHAIN MOoLEcuULE. DIFFUSION CONSTANT 
OF THE END PoInT OF THE CHAIN; “Macro CONSTELLATION 
CHANGING Time” (10) 


At the beginning of this discussion we referred to spontaneous changes 
in the constellation of chain molecules in solution caused by Brownian 
motion. It was shown that the time the chain molecule requires for such 
a change depends on the freedom available for rotation. We furthermore 
introduced the parameter B (Eq. (10)) for characterizing the shape 
resistance. This parameter also depends, as we just saw, on restricted 
rotation. In the following we intend to indicate how to compute the time 
required by the molecule for changes in internal configuration once B 
is known. For this purpose we recall the relation between the mobility u 
of a particle, 7.e., of the speed attained under the influence of a unit force 
with the diffusion constant D of the particle: 


Dik Suki (14) 


This can be derived following the procedure of Einstein and Smochulow- 
ski. Let a number of particles be brought into a potential field parallel 
to the z-direction such that the potential energy of an individual particle 
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at a point z equals U = U(z). The number n of particles per unit volume 
in volume element at z equals, on the basis of the Maxwell-Boltzmann 
law: 
N = noe~U@ lk) (14a) 
and 
dn _ ou 1 bel 


Lh —(U(z) /kT) . dese yieeee BaP A SAR CASES 
dz 9 oz kT "ET Oz a) 


— (dU/dz) is the force acting on the individual particle as a consequence 
of the presence of the potential field. Hence, —(@U/dz)-u-n particles 
pass under the influence of this force per second through a cross section 
of unit area at z in the positive direction. If, on the other hand, D be the 
diffusion constant of the particles and dn/dz the gradient of concentration 
at point z, then the number of particles which pass as a consequence of 
diffusion per second through a unit cross section at z in the positive direc- 
tion equals —D(dn/dz). In a steady state, the sum of the two terms 
equals zero, thus: 

— 2 in - DS =0, (14c) 
which, with the aid of Eq. (14b), gives at once relation (14). 

The above proof is independent of the nature of the particles. Accord- 
ing to Eq. (10), the mobility of the end point of the chain molecule, i.e., 
the speed dh/dt observed when a force of one dyne reacts on the end points 
in the direction of the vector h, equals: 


w= 1/8; 
According to Eq. (14) we can, therefore, attribute the diffusion constant 
D_=kT/B (15) 


to the end point of the molecule for the motion in direction h. If we know, 
however, the diffusion constant of a particle or a point, we can find the 
mean square displacement of the particle or the point expected in a time 
interval ¢. For our case, the average square of distance Ah traveled by the 
end point of the molecule in the direction of vector h, equals: 


((Ah)?).= 2D:t 
or under consideration of Eqs. (15) and (13): 
((ah)’) = 72 gt (16) 


We now replace the displacement Ah in Eq. (16) by the quantity anh? 
from Eq. (7a). The corresponding time 6 computed from Eq. (16) is the 
mean period required by the chain molecule in the solution to double or 
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reduce by one-half, by means of thermal motion, the distance between its 
two end points under utilization of restricted rotation. For the bake of 
brevity we shall call this time the “macro constellation changing time’ of 
the molecule in solution. This is the period within which the constellation 
of the chain molecule is spontaneously and ‘‘completely”’ changed. 
From Eggs. (3) and (4) one finds: 


je pee 


1 


which means that the ‘“‘macro constellation changing time’’ becomes inde- 
pendent of the degree of polymerization. This is plausible. Although, with 
increasing degree of polymerization, the length of the path | h? the chain 
end travels for a complete change of constellation increases, the number of 
axes of rotation which cause this displacement increases simultaneously. 
It must be emphasized however, that this independence on Z only holds 
if relation (10) is valid for the force necessary to move the ends of the 
chain relative to each other at a rate dh/dt. We pointed out before that 
this force must be increased when the chain molecule is embedded in a 
highly viscous medium. An additional friction force is in this case due to 
the external resistance of the surrounding medium. 


XIII. INFLUENCE oFr Viscous RESISTANCE OF THE 
SURROUNDING MeEpIUM 


Under consideration of the viscosity no of the surrounding medium 

the ‘macro constellation changing time’”’ becomes: 
graxoins eo yngey, eee (18) 

kk "“AkT 
As has already been mentioned, L is the hydrodynamic length of the chain, 
6 that of the monomer unit, A,, the length of the statistical preferential 
segment, no the viscosity of the surrounding medium and \ a numerical 
factor of approximate magnitude 37/2 (see Eq. 12). It turns out that the 
added term which is proportional to Z? or L?, respectively, can be neglected 
in comparison with the first one in Eq. (18) when dealing with ordinary 
solvents such as cyclohexanone or acetone and solutes such as polystyrene 
or cellulose nitrate, up to values of a few thousands for Z. The “macro 
constellation changing time” of the aforementioned substances is thus 
independent of the degree of polymerization within these limits. Data are 
listed in Table I, Col. 5, which show that the “macro constellation 
changing time” is very short, of the order of magnitude. of 10-4 seconds, 
in spite of the relatively large values of the activation energies g (Table I, 
Col. 4). It is noteworthy that 6 has small but finite values, and that, 
according to Eq. (18), it increases for very large Z almost proportionally 


RIGIDITY OF CHAIN MOLECULES 31 


to Z’ or L’. Large deformations occurring in a period smaller than @ can 
be treated as if, during this period, the molecule did not undergo any 
change of internal constellation through Brownian motion. Spontaneous 
changes, however, will have to be considered in all processes having 
characteristic time constants larger than 8. 


XIV. Stress RELAXATION TIME 7 


One further characteristic quantity of long chain. molecules which is 
intimately connected with the possibility of restricted rotation is the 
stress relaxation time +r. We may mention at once that it is related to, 
but at the same time distinctly different from, the macro constellation 
changing time @ discussed in the foregoing section. It was pointed out 
previously that rapid changes in the distance between the chain ends 
from h to h + Ah cause changes in the interatomic distances and valence 
angles, that elastic tensions are thus produced in the chain and that these 
stresses are gradually annihilated by reorientation processes in the chain 
due to thermal motion. The relaxation time 7 of stress is defined as the 
period in which the elastic tension in the chain molecule is reduced to a 
fraction 1/e of its initial value. By a consideration which can only be 
mentioned here (10), 7 can be derived as a function of Z, g, Am, b, M,, T 
and the angular distance of the minima of potential energy which occur 
during rotation around axes of restricted rotation. In the simple case of 
a hydrocarbon chain, 7 equals: 


_ wk Z 


FBGE ca Ory 


For degrees of polymerization in the neighborhood of Z = 10%, 7 is not 
very different from 0; regarding the order of magnitude of 7 the same can 
be concluded as for the 6 values in Table I. Large differences between + 
and @ occur for very large values of Z, such as Z = 10°. 

When the chain molecule is under mechanical stress for a period 
longer than +, it must be considered as completely “soft,” because, in 
this case, there is sufficient time available for the relaxation of the stresses. 
But for a time scale considerably shorter than 7, there is insufficient time 
for the removal of the energy changes, viz., of the corresponding elastic 
tension, by utilization of bond rotation. Under such disturbances the 
molecule must be considered as rigid and, therefore, brittle. By the action 
of a force which is applied for a very short time only, the molecule can 
be broken apart without the coil being able to realize any appreciable 
change of its shape prior to its destruction. It is probable that the de- 
polymerization of chain molecules in solution by ultrasonics or large flow 
gradients is connected with the fact that under short-time stresses the 
chain molecule exhibits brittleness. It should also be pointed out that a 
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short time ago J. Ferry (11) investigated the dependence of the shearing | 
modulus on the frequency in polystyrene solutions in toluene with the | 
result that there is a strong increase in the shearing modulus when the 
period of vibration is decreased to 10-* seconds. This is in accordance | 
with the ‘macro constellation changing time” as determined from flow 
birefringence and viscosity as listed in Table I. The stress relaxation time | 
z+ will probably also be important for the behavior of rubber and similar | 
substances under short-time stress. Under disturbances of short duration | 
or high frequency the retractive force in rubber will thus not be limited to | 
the elasticity due to entropy effects, which itself is partly dependent and 
partly independent of time; a component of stress due to energy effects | 
will be added, which is highly dependent on time and which is caused by | 
the incomplete relaxation of the internal stresses in the chain as dis- | 
cussed above. One can presume in conclusion that the idea of a shape | 
resistance for chain molecules will be of interest for the behavior of | 
solutions as well as that of highly elastic solids. 
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Transparent films of elastomers and plastomers were found to differ 
sufficiently in their photoelastic behavior to make stress double refraction 
a useful criterion of the prospective mechanical properties of a given 
material. The stress double refraction in such films is mostly an effect of 
deformation, of orientation, or of both deformation and orientation of 
polymer chains. In such polymers, however, which crystallize under stress, 
a large part of the optical effect may be due to oriented crystallization. 
In addition to its practical value as a testing method for polymers, the 
photoelastic method offers, therefore, particularly in combination with 
- simultaneous investigations of mechanical properties, the prospect of 
correlating mechanical properties of a polymer film with its internal 
structure, and of correlating changes in both qualities upon exposure of 
the film to different degrees of stress. Although results obtained on such 
films, by means of X-ray diffraction or X-ray scattering and electron- 
diffraction, are, in general, easier to interpret, the photoelastic method 
has the considerable advantage of making possible a quantitative follow- 
up of rapid changes in film structure, ¢.g., of relaxations. 

Fig. 1 gives a survey of the apparatus used. Its comprehensive de- 
scription, and an extensive presentation and discussion of the results 
obtained with it, will follow in a paper to be published later. The purpose 
of the present preliminary account is to illustrate selected aspects of the 
potentialities of the method in comparative investigations, with particular 
reference to polythene (polyethylene).’ 

1 The work reported in this preliminary paper was done at the University of Chicago 
in connection with the Government Research Program on Synthetic Rubber under 
contract with the Office of Rubber Reserve, Reconstruction Finance Corporation. 

2 The samples of polythene used were a product of the E. I. duPont Co., and were 
kindly given to us by Professor H. Mark of the Brooklyn Institute of Polymer Research. 
The samples were optically completely isotropic prior to stretching. They differed 
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A comparatively simple type of photoelastic investigation, by means 
of which characteristic differences between elastomers and plastomers 
and, in addition, differences between non-crystallizing and crystallizing 
elastomers can be detected, is the study of double refraction as a function 
of elongation of a film. The film, generally 180-250 yu thick, is clamped 
firmly in slipproof jaws of an electrically operated stretching device, and 


Fra. 1. Apparatus for the study of stress double refraction in films. 


a, Light source (tungsten ribbon filament lamp); b, collimating lens; c, monochrom- 
ator; d, heat filter; e, condensing lens; f, polarizing microscope with mounted stretch- 
ing apparatus; g, drill for rapid stretching of film. (Disengages automatically at any de- 
sired elongation.) Applied at (f); h, dictaphone for the recording of rapid successive 
measurements. 


is extended, normally to the direction of the light beam, to any elongation 
desired within the available range. The elongation, AL,, is expressed | 
ie oe Tae | 
ieee 2) L x 100, 
where L, is the original length of the sample and L, is its length under 
stress. Both lengths are known with an accuracy of better than 1%. Un- 
less stated otherwise, the film remains under stress during the optical 
investigation, which is carried out with a polarizing microscope provided 
with a synchronous polarizer-analyzer movement and with an ellipticity 


per. cent of the original length of the sample, i.e., AL, = 


strongly, therefore, from those prepared and investigated by A. Charlesby (Proc. Phys. 
Soc. London 57, 496 (1945)). The elastomers were kindly provided by Dr. O. D. Cole of 
the Firestone Tire and Rubber Co., Akron, Ohio. 
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compensator (sensitivity limit of compensator: a path difference, A, of 
30 A.). To have numbers of a convenient order of magnitude, the path 
difference is expressed in u/mm. of polymer thickness. The value of 
(nm. — No) is easily obtained from A by multiplying it by 10-2. The values 


obtained are valid for 5461 A and for room temperature (23°-25°C.). 


Fig. 2 gives the type of results obtained. They apply to the optical 
effect observed in the samples under stress, As, after changes with time 
(see below) have gone to practical completion (symbolized by the addi- 
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Fic. 2. Variation of final double refraction with elongation. 


tional subscript: f). It may be mentioned that each experimental point, 
both here and in subsequent figures, excepting Fig. 4, was obtained with 
a different sample cut from the same film in bulk. This accounts for the 
scattering of the experimental points which, on the whole, is moderate. 
Non-crystallizing elastomers, such as GR-S rubber, show a nearly linear 
increase of birefringence with elongation up to the elongation where 
rupture of the film occurs (Curve I). Crystallizing polymers, such as 
cured natural rubber, show the same behavior at sufficiently small elonga- 
tions. At higher elongations, however, crystallization leads to a steep 
increase in birefringence with elongation. The complete curve is, there- 
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fore, characterized by a fairly strong increase in slope at intermediate 
elongations (Curve II). Plastomers, such as polythene, finally, exhibit 
curve type III, z.e., they show a very steep increase of double refraction 
at low elongation, followed, at moderate elongations, by an approach to 
saturation. At low elongations (AL, of less than 150), the double refraction 
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Via. 3. Variation of double refraction with time at constant elongation. 


is, at least in polythene, an order of magnitude larger than in either type 
of typical elastomers. This difference is far too large to be accounted for 
by differences in the optical anisotropy of chain elements in polythene 
compared to rubbers. Nor does it seem to be possible to explain this 
difference by a strong difference in the degree of elastic deformation of 
cross-linked chains, It seems to be necessary, therefore, to assume that, at 
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Fig. 4. Variation of double refraction with elongation, in natural cured rubber, 
under simultaneous variation of time. 

I. Partial successive extensions; II. subsequent, partial successive retractions. 
(The time interval between the successive changes in elongations, and between the suc- 
cessive optical measurements, was 2.0 minutes throughout.) 


comparable elongations, a far better orientation of polymer chains takes 
place in plastomers than in elastomers.’ 

Another method of differentiation between the various types of poly- 
mer films is illustrated by Fig. 3. It shows the change of double refraction 
with time, ¢, subsequent to rapid extension of a film, the latter requiring 


3The concept of orientation in polythene under stress is supported by recent in- 
vestigations of the infrared absorption of linearly polarized light by some of our stretched 
samples. These experiments were carried out by J. W. Ellis and L. Glatt in the Physics 
Department of the University of California, Los Angeles. According to a private com- 
munication by Professor Ellis, the spectrum features can be interpreted in terms of 
partially oriented CH:-groups ((J. Chem. Phys., in press). 
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less than one second for a AL, < 400 and less than 2 seconds for a AL; | 
Z 800. Curve I refers to elastomers which do not crystallize. Here, the | 


double refraction decreases with time at constant elongation, and for all 


AL, values, particularly during the first 20 seconds following stretching. | 
Again, crystallizing elastomers show the same behavior provided the | 
elongations, AL, are kept below those which cause crystallization (Curve | 


Ila). At higher elongations, crystallization leads to an increase in double 


refraction with time (Curve IIb). (Special experiments seem to indicate | 
that a decrease of double refraction with time occurs also for the higher | 
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Fic. 5. Variation of mechanical retraction with the degree of preceding elongation of 
polythene. 


O 24 hrs. after release of stress. @ 12 days later. 


elongations, but it is overshadowed by the far larger opposite effect.) 
Thus, quite complex curves result if the double refraction is measured in a 
gradually extended and subsequently gradually retracting sample. Two 
pointed hysteresis loops are then obtained which touch each other at a 
moderate elongation (Fig. 4). The existence of these two consecutive loops 
of which only the more pronounced one, due to crystallization, seems to 
have been observed previously (1), agrees with the calorimetric results 
obtained on crystallizing polymers by Guth and associates (2). In con- 
tradistinction to typical elastomers, polythene does not show any detect- 
able change of double refraction with time, at least not after completion 
of rapid extension (Fig. 3, Curve III). 
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Of particular interest is the combined investigation of mechanical 
- retraction and optical relaxation of polymer films after a complete release 
of stress, which leads to a length L, > L, and to a permanent residual 
path difference A, > A, (A, = 0 for the samples used.) The discussion of 
_ this point shall be limited to the special case of polythene. Fig. 5 shows 
the residual increment in length, AL, = [(L, — L,) /L. | 100, as a function 
of AL,. Fig. 6 gives A, as a function of AL,, and Fig. 7 illustrates the vari- 
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Fig. 6. Variation of residual (permanent) double refraction in retracted polythene 


with”preceding elongation. 
Of24 hrs. after release of stress. @ 12 days later. 


ation of A, with A,;. The three Figs. refer to the same series of samples. 
Their comparative discussion leads to the following conclusions: 


(a) Polythene is predominantly elastic at low elongations. 

(b) Extensive plastic flow sets in, according to Fig. 5, above a cer- 
tain moderate elongation. It is accompanied by a steep increase in per- 
manent double refraction (Figs. 6 and 7) which indicates a strong rise in 
irreversible orientation of polymer chains (3). Although the present data 
do not allow a differentiation between cause and consequence, a hypothesis 
seems to be inviting to the effect that a critical degree of stress-induced, 
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largely reversible, chain alignment is necessary and sufficient in order to’ 
start, upon further increase in stress, an extensive plastic flow and to 
bring about, simultaneously, an extensive, though incomplete, further 
and largely irreversible alignment of polymer chains. 

(c) Notwithstanding the fact that plastic flow is the predominant 
feature if polythene is stretched beyond a “critical” range of elongations, 
a pronounced elastic retraction occurs also above the latter range. The 
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Fic. 7. Variation of residual double refraction in retracted polythene with the 
double refraction observed prior to retraction. 
© 24 hrs. after release of stress. @ 12 days later. 


practically constant value of nearly 1 of the slope in Fig. 5 indicates that 
the absolute degree of elastic retraction (7.e., the absolute decrement in 
length (Z, — L,)) is then independent of elongation. The relative degree 
of retraction (7.e., the decrement in length in per cent of the length prior 
to retraction), however, decreases very strongly with increasing elonga- 
tion. A nearly inverse behavior is found at comparable elongations for 
typical elastomers, such as cured natural rubber and GR-S. Here, the 
relative degree of retraction is nearly independent of elongation—con- 
sidering the status reached one hour after the release of stress—and the 
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absolute degree of retraction increases with elongation. Polythene behaves 
similarly at elongations below the critical range. 

The absolute degree of retraction may be taken as a rough indication 
of the magnitude of the restoring force. It therefore appears that the 
restoring force in polythene changes little, if at all, with elongation, in the 
range where plastic flow predominates, whereas it increases with elonga- 
tion below the critical range of elongations. In contradistinction, the 
restoring force in cured natural rubber increases with elongation through- 
out the range investigated (largest AL,:785). 

Preliminary studies on polythene suggest that there is also a correla- 
tion between the magnitude of the restoring force and the rate of optical 
relaxation which follows a rapid “‘partial’’ retraction. Here, the samples 
are allowed to retract only partially, from a length L, to a length Lp,. 
After a sufficiently long time, they are allowed to carry out a second 
partial retraction, from L,, to L,,, and so on. The relative degree of each 
successive partial retraction, is kept equal, 7.e., 


[(L. — L,,)/L.]-X 100 
= LK Lon» — Lon) /Lpp—sy ] X 100 = AR = constant. 


Such experiments show that the practically instantaneous partial mechani- 
cal retraction is not accompanied by an equally rapid adaptation of bi- 
refringence to the reduced elongation. The optical effect continues to 
decrease with time, particularly during the first minute after partial re- 
traction. One may, for practical purposes, define a relaxation time, 7’, 
which represents the time necessary to reach 1/2 (instead of 1/, which 
would characterize r) of the decrement Yn = (Apin_1) — Ap,). (Thus 
yi = (A; — Ap,)). It is then found on polythene that 7’, whenever it is 
large enough to be measured, increases strongly with the decrease of Lp, 
AR being constant. Table I shows a few of the results obtained consid- 
ering AL, values of 50 and 80, respectively. In both cases, AR = 20. 
Since both AL, values considered fall into the range of elongations where 
polythene behaves predominantly as an elastomer, it appears that 7’, 
whenever it is measurable, decreases as the restoring force increases. It is 
noteworthy that 7’ was immeasurably small throughout the range of 
elongations which lead to predominant plastic flow. 

The technique of successive partial retraction makes it possible to 
compare, at equal elongations AL,, the double refraction of samples which 
had previously been brought to unequal higher elongations, AL, and AL,’, 
respectively. As an example, Series I and Series II of Table I yield, by 
interpolation, a final path difference of 13.5 and 17.9 u/mm., respectively, 
on partial retraction to a AL, of 40, and a final path difference of 9.5, and 
13.0 »/mm., respectively, on further partial retraction to a AL, of 20. 
Thus, samples of comparable length have a more anisotropic structure, 
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TABLE I 


Variation of Optical Relaxation Time, 7’, with Progressive 
Partial Retraction of Polythene 


Lo, — Lo 
AR:20.0; Series A. AL,:50.0; Ag:15.1 w/mm, AL, = (==) x 100 


ee |_n«»—_—— 


A n 7’ 
(Guetenive steps) aes ened (ulmm.) (sec.) 
1 40 13.5 1.6 <5 
2 32 12.0 1.5 <5 
3 25.6 10.95 1.05 <5 
4 20.5 9.65 1.3 <5 
3 16.4 8.6 1.05 <5 
6 13.1 7.0 1.6 <5 
7 10.5 5.9 ail <5 
8 8.4 4.4 1.5 10 
9 6.7 3.3 ide 20 
10 5.4 0.5 2.8 540 
Series B. AL;:80.0; Ay: 23.8 »/mm. 

1 64 21-35 2.45 <5 
» 51.2 20.0 1.35 <5 
3 40.9 18.1 1.9 <5 
4 32.8 16.45 1.65 <5 
5 26.2 14.7 1.75 <5 
6 20.95 NAA 2.0 <5 
7 16.8 11.6 ileat <5 
8 13.4 9.85 Nees ~5 
9 10.75 8.45 1.40 10 
10 8.6 35) ileal 50 
11 6.9 6.0 1.35 215 


the larger the elongation to which they had been brought previously. In 
addition, it can be seen from Table I that the relaxation time, 7’, is, at a 
given AL,, larger, the larger the original elongation, AL,. Finally, Figs. 
5 and 6 have shown that both the permanent increase in length of a 
sample, AL,, and its permanent birefringence, A,, are larger, the larger the 
original elongation. Since the double refraction and, implicitly, the 
structural anisotropy are larger the larger the elongation (see Fig. 2), it 
follows that (a) the ability of a polythene film to rearrange its structure 
in the direction of random distribution of individual chains and in the 
direction of a strain-free configuration of chain elements and side chains, 
and (b) the rate of this structural rearrangement, are less, in comparable 


states of retraction, the larger the original stress-induced structural 
anisotropy. 


OS 
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The usefulness of comparative photoelastic investigations was in- 
creased considerably by including recently, in the techniques outlined, 
simultaneous measurements on the variation of double refraction with a 
numerically known stress, 7.e., curves of the type compiled previously by 
other authors, e.g., by Thibodeau and McPherson (4). Results obtained 
on polythene by means of the latter technique will be described in the 
near future. 
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CONDUCTIVITY AT THE INTERFACE BETWEEN 
PYREX GLASS AND SOLUTIONS OF 
POTASSIUM CHLORIDE 


Karol J. Mysels* and J. W. McBain 
From the Department of Chemistry, Stanford University, Calif. 
Recieved August 22, 1947 


An interface is generally the seat of electrical surface conductance, 
the existence of which was predicted by Smoluchowski (1) and has been 
confirmed qualitatively for many systems. This conductance presumably 
is caused by the same double layer which is the seat of electrokinetic 
phenomena, and its study should provide an independent approach to 
problems of electrocapillarity. Attempts have been made to measure 
quantitatively the surface conductivity between Pyrex glass and dilute 
solutions of potassium chloride but there is serious disagreement in the 
results from different laboratories (2, 3, 10). 

The present work suggests that the properties of this interface may 
_ be influenced by other factors which need thorough study and require a 
sensitive method of determining variations of surface conductivity. 

By measuring the resistence of a potassium chloride solution through 
a Pyrex sintered disc, with proper precautions, we obtained values of 
instantaneous surface conductance which were definite and reproducible 
to about 1%. However, the surface conductance itself was found to change 
slowly simply on standing, and abruptly on cleaning the glass. Simulta- 
neously, the movement of solutions through the same disc could become 
impeded at least 100-fold so that a suction pump was barely able to force 
distilled water or potassium chloride through the disc. Yet at the same 
time the electrical resistance through the disc in concentrated solutions 
of potassium chloride remained unchanged and unaffected within 0.1%. 

The latter finding is of importance in further validating the use of 
sintered glass in measurements of diffusion, already confirmed by meas- 
urements of free diffusion, for, if electrical conductivity is unaffected, 
diffusion must be equally unaffected. 

Lachs and Kronman (4), to explain the erratic results of streaming 
potential in systems of glass and potassium chloride, assumed that glass 
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swells. This hypothesis was adopted by Fairbrother and Varlay (5). It was 
more recently shown by Hubbard, Hamilton and Finn (6) that glass does 
swell measurably in water. This hypothesis could account for our ob- 
servation of uncharged electrical but increased hydrodynamic resistance 
if the swollen layer behaved like swollen gelatin or silica gel, which allow 
almost free passage of ions but prevent any flow of water. 

Many observers (7, 8) from time to time have recorded anomalies in 
the flow of liquids through capillary systems, generally to the effect that 
the resistance to flow increases with time. Wentworth (8), for example, 
found this to be quite general and pronounced. In one of his experiments, 
in which water flowed through a 0.045 mm. brass slit, the increase in 
resistance was 2940-fold in 47 hours, and then remained constant for a 
further 91 hours. Wentworth’s hypothesis is the formation of thick 
rigidified layers of liquid in contact with the brass or other solid. In some 
of his experiments he guarded against electroosmotic effects. Our observa- 
tions showed no effect of conductivity of the solution (from distilled water 
to 0.1 N KCl) on the hydrodynamic resistance of fritted glass and thus 
preclude electrokinetic effects which must decrease along with the 
resistance. 

Meyerott and Margenau (9), with discs of plate glass, confirmed some 
of Wentworth’s results but ascribed the whole effect to obstruction by 
air bubbles. This explanation is excluded in our experiments by the un- 
changed conductance of concentrated solutions. Gas bubbles and similar 
mechanical obstructions would have to increase the electrical resistance 
at the same time as the hydrodynamic resistance. However, only the 
hydrodynamic resistance increased. Whenever, in preliminary experi- 
ments, air bubbles were actually found by us the results were very 
apparent: the conductance was erratic, depending on minute vibrations 
and changing suddenly when the liquid was sucked through the disc. 

Many other scattered observations indicate that the liquid in the 
neighborhood of surfaces may be partially rigidified, yet there is no 
adequate explanation of this phenomenon, nor has it been known hereto- 
fore that the mobility of ions in such rigid layers may be essentially 
unaffected. 


EXPERIMENTAL 
Apparatus 


A conductivity cell was designed to have a fixed and very large surface 
of fritted Pyrex glass between the electrodes, but otherwise following the 
Jones-Bollinger (11) design. The dise of fritted glass separated the cell 


into two electrode compartments, as in Fairbrother’s device and as shown 
in Fig. 1. 
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The electrodes were of platinum and platinized in situ. The metal to 
Pyrex seal was made tight without allowing the solution to come in 
contact with tungsten by butt welding the stem of the electrode to 
tungsten wire and sealing the latter to Pyrex with a narrow lip of the glass 
overlapping onto the platinum. The end of tungsten in contact with 
mercury was thoroughly cleaned and coated with bright platinum. 


Fie. 1. Cell for measurement of surface conductance. 


Measurements were made with Leeds and Northrup (12) apparatus 
including a Jones-Dike Bridge (13) audio-frequency oscillator and tuned 
amplifier. 

An oil thermostat maintained a temperature of approximately 28.5°C. 
with a constancy of 0.002°C. 


Method 


Approximately 0.1 and 0.0005 N KCl stock solutions were used. The 
conductances were determined in a cell of conventional Jones-Bollinger 
design and found to be independent of frequency. If surface conductivity 
were absent, the ratio of conductances of these two solutions should be 
the same in the special cell incorporating the fritted glass disc as in the 
standard cell and the cell constant of the special cell independent of the 
concentration of the solution. In fact, however, this ratio was unmis- 
takably different by 5-10%, the more dilute solution appearing now to 
conduct better; or, expressed differently, the resistance cell constant was 
lower by 5-10% in the dilute solution than in the more concentrated one. 
This difference after elimination of other causes, must be due to surface 
conductance of the large glass-solution interface of the fritted disc. 


Observations 


Using the concentrated solution there was no particular difficulty in 
obtaining constant and consistent values for the resistance of the cell 
throughout the period of observation. The only precaution necessary was 
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to avoid heating within the fritted glass by the Joule effect. Heat dis- 
sipation is, of course, slow and, due to the low resistance of the cell 
(67.01 ohms), a relatively high current flows even at low voltages. 
The first filling of the cell with the concentrated solution, following 
the use of distilled water or dilute solution, despite thorough rinsing of 
the cell and disc with the concentrated solution, always gave a value of 
resistance too high by about 0.05% but subsequent fillings were constant 
to 0.01%. ; 
Using the dilute solution, the results were perplexing until it was 
found that here the fritted glass does not reach an equilibrium state for 
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Fic. 2. Short time variation in resistance of cell when filled with dilute solution. 
At 35’ a small volume of the solution was sucked through the disc. 

Curve I—after soaking; Curve II—before soaking. 


many hours. Prior to such extended “soaking,” preferably over night in 
the solution, the resistance decreased if the cell had been previously 
exposed to distilled water, and increased if it had been exposed to the 
concentrated solution. 

Experience with the concentrated solution showed that 20 minutes 
was sufficient for thermal equilibrium to be reached. In the dilute solu- 
tion, however, when the ‘“‘soaking” was insufficient, the resistance failed 
to reach any definite value in hours, and sucking a small amount of 
solution through the fritted glass changed the resistance abruptly (as 
illustrated by Curve II of Fig. 2), each successive filling of the cell giving 
different values. These variations amounted to several per cent of the 


total resistance and were, therefore, of the same order of magnitude as 
the surface conductance. 
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After sufficient “soaking,” however, the value of the resistance, once 
thermal equilibrium was established, varied little. Sucking through 
caused but a minor change (as ished by Curve I of Fig. 2) and 
successive fillings of the cell gave almost identical values. All these vari- 
ations amounted to less than about 0.1%, i.e., about 1% of the surface 
conductance. Consistent values thus obtained were used to measure the 
various factors. 


CONCENTRATED SOLUTION 
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Fic. 3. Long range variations in resistance of cell and the effect of some treatments. 
Simple arrows = treatment of short duration; crossed arrows = treatment over 5 


days. 
C = concentrated solution; D = distilled water; N = nitric acid; S = sulfochromic; 


P = paraffin oil. 


Such resistances were unaffected by change in frequency within the 
available limits of 500 to 2000 cycles or by about 20-fold change in 
voltage if care was taken to avoid Joule heating effects by measuring the 
resistance immediately after applying a higher voltage. 


50 KAROL J. MYSELS AND J. W. MCBAIN 


Fig. 3 illustrates a series of experiments extending over several months. 
It is a plot of the variation of the apparent resistance of the two solutions 
expressed as relative cell constant of the cell over this period. Each point 
represents the mean of 3-7 measurements taken in one day and agreeing 
within about 0.1% in the dilute solution and 0.01% in the concentrated 
one. Treatments to which the fritted glass was subjected, e.g., soaking in 
distilled water or cleaning with nitric acid, are indicated by arrows on the 
graph. 

It may be seen that measurements using the concentrated solution 
gave results constant to 0.1%. Within this limit this constancy was un- 
affected by the various treatments; the only small but definite change 
was produced by the first cleaning with nitric acid. 

Measurements made during the first 2 months using the dilute solu- 
tion gave progressively increasing values whose smooth trend was 
unaffected by contact of the fritted glass with the concentrated solution 
or with distilled water. The glass was never allowed to dry. 

During this part of the experiment a gradual increase of resistance to 
flow through the fritted glass occurred, of the order of 100-fold. There 
was no appreciable difference between the hydraulic resistance to dis- 
tilled water, dilute or concentrated potassium chloride solution. 

A sudden discontinuity occurred in the smooth line of surface con- 
ductivity when the cell was cleaned with nitric acid. Simultaneously the 
original relative ease of flow through the membrane was restored. After 
this cleaning the trend of resistance was upwards, as before. 

Another discontinuity, but in the opposite direction, was produced by 
treatment of the cell with dichromate-sulfuric acid cleaning solution, — 
and this also reversed the trend. Subsequent treatments with nitric acid 
produced further but smaller discontinuities and seemed to reduce the 
slope of the trend. No great changes of hydraulic resistance were noted 
during this part of the experiment. 


SUMMARY 


I. Surface conductances at the interface of fritted Pyrex glass-0.0005 
N potassium chloride have been observed with precision of 1%. 

2. This surface conductance is independent of frequency and intensity 
of the measuring current, but varies greatly with time over periods of 
months and with cleaning of the surface. 

3. Hydrodynamic resistance to flow through the fritted glass may 
increase with time by an order of magnitude, while its resistance to 
movement of ions remains constant to within O.1%: 


4. This hydrodynamic resistance is not due to ocelusion of air bubbles 
nor to electrokinetic effects. 
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INTRODUCTION 


Pectinic acids are essentially long chain glycosidic polymers of 
galacturonic acid esterified in the range from near zero to about 70% of 
theoretical with methyl] alcohol. Their high molecular weight and ability 
to form strong cross links with polyvalent cations suggest their use for 
many special films and fibers, but such use has not been industrially 
important because of their high cost. More economical methods for the 
extraction and isolation of low-methoxyl pectinic acids (1, 2) (degree of 
esterification from 0 to 20%, or more in case of enzymatically deésteri- 
fied products) have recently been devised which have overcome, to some 
extent, this disadvantage. It seemed advisable to reopen the investigation 
of properties of pectinate films and fibers. This paper offers data on 
strength, extensibility, plasticization, and resistance to washing, of films 
prepared from a variety of pectinates. Several uses are proposed, one of 
which has been studied. Data on yarns and filaments will be reported 
later. 


EXPERIMENTAL MrtrHops 
Description of Pectinic Acids Employed 


The samples used in this investigation are listed in Table 1 with data 
on their properties on an ash- and moisture-free basis. The methods used 
for determining intrinsic viscosity (dl./g.) and number average molecular 
weight by osmotic pressure have been reported (3). All of the samples 
were obtained from lemon peel, and all, excepting the first three listed in 
Table I, were deesterified in situ by citrus pectinesterase (4). The second 
sample listed was a commercial product ? and the third was derived from 
it by thermal degradation. All other samples were extracted in this 
laboratory and purified by precipitation with acid-alcohol and repeated 
washing as previously described (5). 

1 Bureau of Agricultural and Industrial Chemistry, Agricultural Research Admin- 


istration, U. S. Department of Agriculture. 
2 Pectinum, N, F. VII, California Fruit Growers Exchange, Ontario, Calif. 
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TABuLt I 


Description of Pectins Used in this Investigation 


Methoxyl content Uronic anhydride [n] Mr Ash 
Per cent Per cent dl./g. Per cent 

10.9 ~804 8.3 40,000 0.4 
10.1 83 4.3 33,000 0.6 
10.72 87 1.2 18,000 0.8 
74 82 4.4 _ 0.4 
4.5 ~834 5.2 = 0.5 
4.4, No. 1 83 6.0 _ 0.4 
4.4, No. 2° 83 1.3 — 0.4 
4.4, No. 3° 83 0.7 —— 0.4 
2.7 ~834 3.5 = 0.3 


4 Prepared by heating a solution of a pectin similar to sample 10.1 at 119°C. for 20 
minutes. 
’ Prepared by heating a solution of sample 4.4, No. 1, at 120°C. for 5 minutes. 
¢ Prepared by heating a solution of sample 4.4, No. 1, at 120°C. for 20 minutes. 
4 Values estimated from data on similar preparations. 


Preparation of Films 


Some films were prepared by extrusion of a pectinate solution through 
a rectangular orifice into a bath containing salts of polyvalent cations and 
acid. Irregularities were always present in.such films. To produce uniform 
films, 30-ml. portions of 1% sodium hydrogen pectinate solution, ad- 
justed to a pH near 4, and containing the plasticizer, if any, were evap- ~ 
orated in glass trays 5 cm. wide and 15 cm. long in a slow current of air 
at 25°C. for 16 hours. The dried films were removed and cut into strips 
1.25 cm. wide. Sodium hydrogen pectinate was converted to polyvalent 
metal pectinates by gently stirring the strips in 1 N aqueous solutions of 
the required chloride. Five minutes of stirring permitted conversion of 
90% or more of the sodium acid salt to the new one. The converted films 
were washed twice in distilled water, then dried between sheets of filter 
paper under a glass plate 5 cm. wide and 15 cm. long and a one kg. weight. 
To form films of pectinic acids, a bath of 0.1 N hydrochloric acid in 50% 
ethanol was used. Washing was done with 65 and 75% ethanol. All films 
were equilibrated at a relative humidity of 65% at 25°C., except those 
tested wet, which were soaked in water for 1 hour before testing. 

The salts used were c.p. chemicals. The tetraquodichlorochromic ion 
largely present in the usual fresh solution of chromic chloride was con- 
verted to hexaquochromic ion before use. Glycerol, when required, was 
added to the tanning and the rinse solutions in 15% concentration. 
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Testing 


Dimensions of films were determined by means of a Gaertner traveling 
microscope. Thickness values were in the neighborhood of 30 u. Swelling 
was measured at 25°C. by the ratio of the maximum thickness when the 
film was wet to the thickness at 65% relative humidity. 

Tensile strength and extensibility were determined in a Scott pendu- 
lum testing machine, Model J2. The clamps were separated 5 cm., and 
increased sensitivity was obtained by use of a wooden block on the 
pendulum in place of the steel one. Corrections were made for friction 
in the machine. 

Flexibility was determined by manual folding endurance. Strips 
without perceptible cracks at the edges were folded and creased, then 
unfolded and creased in the opposite direction. Films breaking in five or 
less foldings were considered ‘“‘poor’’; those developing cracks less than 1 
mm. long after 10 foldings were rated ‘“‘good,’’ while those showing inter- 
mediate behavior were rated ‘‘fair.”’ 

The resistance of polyvalent metal pectinates to washing was deter- 
mined by stirring weighed strips in the following solutions: (1) Distilled 
water at 25°C. for 4 hours, (2) 0.1% sodium carbonate at 40-50°C. for 
30 minutes, and (3) 0.1% mild soap at 40—50°C. for 30 minutes. The films 
were washed in distilled water, equilibrated at 65% relative humidity, 
and weighed. Results are expressed as per cent loss in weight. 


RESULTS 
Effect of Chain Length and Methoxyl Content 


Various investigations have shown that the tensile strength of fibers 
or films of certain high polymers varies as a direct function of the mole- 
cular weight of the polymer (6, 7,8), at least in the lower range of 
molecular weights. Comparisons between fibers or films, therefore, should 
be based on fractionated samples; however, so many difficulties were en- 
countered when trying to fractionate pectinic acids that this phase of the 
project was abandoned. The results reported were obtained on samples as 
extracted and purified, or on materials prepared from them by thermal 
degradation. 

Fig. 1 illustrates the data on variation of tensile strength with in- 
trinsic viscosity at two methoxyl contents and when diluted with glycol 
boriborate (9). In the absence of diluent, tensile strength appears to 
follow number average molecular weight more closely than weight average 
as estimated from intrinsic viscosity (3). As shown in Fig. 2, the per cent 
ultimate elongation is nearly a linear function of the intrinsic viscosity 
when the methoxyl content is high (10-11%, or greater than 70% of 
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TENSILE STRENGTH Kg./mm2 


10) | 2 3 4 5 6 cf 8 
INTRINSIC VISCOSITY dl./g. 


Fia. 1. Effect of intrinsic viscosity on the tensile strength 
of sodium hydrogen pectinate films. 


©, methoxyl content 4.4, no plasticizer; A, methoxyl content 10.1 to 10.9, no 
plasticizer; e, methoxyl content 4.4, 30% glycol boriborate added; a, methoxyl content 
10.1 to 10.9, 30% glycol boriborate added. 
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ULTIMATE ELONGATION PERCENT 


OV MN 2S 4S CEM NG NT BEES To) 
INTRINSIC VISCOSITY 4dl./g. 


Fic. 2. Effect of intrinsic viscosity on ultimate elongation of 
sodium hydrogen pectinate films. 
Symbols have same meaning as in Fig. 1. 
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esterification) and tends to approach a constant value when the methoxyl 
content is low, in this case about 4%. 

-At a constant viscosity or weight average molecular weight, the 
strength of films of sodium hydrogen pectinate increases with decrease 
in methoxyl] content, as shown in Fig. 3. 
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Fic. 3. Effect of methoxy] content on tensile strength of 
sodium hydrogen pectinate films. 


Curves interpolated from experimental data to an intrinsic viscosity of 4.0. Upper 
curve, without plasticizer; lower curve, 30% glycol boriborate added. 
Plasticization 


The effect of addition of certain organic compounds on the strength 
of pectinate films is illustrated in Fig. 4. Organic acids and sodium 


TENSILE STRENGTH Kg./mm? 


ADDITIVE AGENT PERCENT 


Fic. 4. Effect of additive agents on tensile strength of sodium hydrogen pectinate 
films; methoxy] content 4.4, intrinsic viscosity 6.0. 
e, glycol boriborate; ©, glycerol; 0, tartaric acid; ©, citric acid; ©, sodium boro- 


phosphate. 
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borophosphate increased the strength at concentrations less than 257%; 
and decreased it at higher concentrations. Glycerol and glycol bori- 
borate decreased the strength at’ all concentrations. Glycerol, and to a 
much lesser extent, glycol boriborate, increased ultimate elongation. 
These are the only substances tried which can be considered as plasticiz- 
ers, since other added agents had little influence on extensibility, as is 
illustrated in Fig. 5. Glycerol is much less effective when the moisture 


ULTIMATE ELONGATION PERCENT 


Co) 10 20 30 40 50 
AODITIVE AGENT PERCENT 
Fic, 5. Effect of additive agents on ultimate elongation of sodium hydrogen 


pectinate films; methoxyl content 4.4, intrinsic viscosity 6.0. 
Symbols have same meaning as in Fig. 4. 


content of the film is near zero, as is shown by the fact that films dried 
over calcium chloride had extensibilities of 4% without plasticizer, and 
only 6% when glycerol was present. 


Polyvalent Cation Pectinates 


Conversion of films to salts of polyvalent, particularly trivalent, 
cations decreases their flexibility but increases their resistance to water 
or washing agents, and also increases their wet strength, as shown in 
Table II. There is little effect on tensile strength. 


DISCUSSION 


The strength of pectinate films is close to that of films of other high 
polymeric saccharide materials, such as films of cellulose and its deriva- 
tives, which have strengths ranging from 4 to 12 kg./mm.? (7, 8, 10). 
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Increase in strength of pectinate films with increase in molecular 
weight is to be expected. Although the data are insufficient to enable one 
to conclude definitely whether weight or number average molecular 
weight is the controlling factor, the latter seems more likely. For example, 
low strength would be expected in a film made from a heterogeneous 
sample containing many short chains, due to the few cross bonds per 
chain and the large number of chain ends, which are considered points of 
weakness (8). Number average molecular weight is more sensitive than 
the weight average value to both of these factors. 

Decrease in methoxyl content causes an increase in tensile strength 
of pectinic acid (or sodium hydrogen pectinate) films, because removal 
of ester groups enhances the probability of cross-bonding between 
liberated carboxyl groups. An explanation follows from consideration of 
the mechanisms operating during formation of the film. As the pectinate 
chains are brought into closer contact, collisions involving carboxyl groups 


are more likely to result in stable hydrogen bridges than collisions in- 
volving any combination of groups. Therefore, the chance of such hydrogen _ 


bonds occurring between pectinate chains is greater than would be ex- 
pected from the ratio of free to esterified carboxyl groups. The result of 
this is that the chance for bridge formation is not significantly different 
whether all or most of the carboxyl groups are free. Consequently, little 
increase in tenacity would be expected when the degree of esterification 
is much below 50%. It should be noted also that, as carboxyl groups are 
liberated, a greater fraction will be in locations too far removed from other 


carboxyl groups to permit effective cross-bonding except in crystalline 
regions. 


Percent elongation at the breaking point in the absence of plasticizer 


appears to vary little within the limits of methoxyl content examined. 
There is more plastic flow, that is, irreversible flow, with samples which 
have high methoxyl contents, and it appears that a more flexible film 
might be obtained if the methoxyl content were increased to higher 
values. The methods of esterification tried caused degradation of the 
pectinic acids, which prevented investigation of this hypothesis. Addition 
of plasticizers should also accomplish this, but only glycerol had more 
than a small effect, most of which was lost when the moisture content was 
reduced to near zero. Other agents tried, such as organic acids, apparently 
cross-bonded through carboxyl groups with the pectin, which caused an 


increase in the strength of the films but had little effect upon their 


flexibility. Some increase in flexibility might be obtained by the use of a 
small proportion of long-chain diamines, which can form cross-links 
through the carboxyl or ester groups, or long-chain dialdehydes, which 
might cross-link through alcohol groups. The amount of such material 
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used would have to be small so that fibrils and not a three-dimensional 
network would be formed. The latter would decrease the flexibility. 
Exchanging polyvalent cations for hydrogen failed to increase the 
strength of films much more than 50%, with some of the results showing 
an increase of only about 10%, although the relative bond energies in- 
volved differ by about 10-fold (8). This fact might be explained in several 
ways. First, the carboxylic hydrogen bonds are not replaced by polyvalent 
cations, but this seems unlikely, since nearly an equivalent amount of 
cation was deposited in the films during the conversion treatment. Second, 
substitution of hydrogen by calcium, zinc, etc., increases the cross-sec- 
tional area of the film by 10% or more. X-ray pictures of oriented pectin- 
ate fibers taken by K. J. Palmer of this laboratory also show that the 
equatorial distance is increased by approximately this amount. This 
expansion decreases the number of pectinate chains per unit area and it 
might decrease the magnitude of the forces that bind the chains; hence, 
the overall decrease in strength may be considerable. Third, electrovalent 
-cross-bonds can be extended only a short distance before breaking, and 
they are less likely to reform during stretching of the film than are bonds 
due to van der Waals’ forces. Furthermore, the distance two oppositely 
charged ions need be separated beyond the equilibrium point to the 
maximum in the force of attraction vs. distance curve is about 0.6 A (8), 
while van der Waals’ forces have not reached the peak of their force of 
attraction until the molecules are separated by an Angstrom or more 
from their equilibrium distance (11). This offers the possibility that 
-electrovalent bonds are broken first and, since the strengths of the two 
bonds differ by 20-fold, the electrovalent bonds must displace at least 5% 
of the van der Waals’ bonds to keep the strength of the film constant. 
This explanation, accompanied by the second, accounts for the small 
increase in strength of the polyvalent pectinate compared to that of 
pectinic acid films. It also explains the brittleness of the films and of 
low-methoxyl pectin gels which are gelled with calcium ion (12). 


USES 


With the information presented it is possible to evaluate some probable 
uses for pectin in films. The present state of knowledge indicates that 
pectinate films cannot be used where a high degree of extensibility and 
high wet strength are necessary. There is one field, however, in which 
advantage might be taken of low wet strength. In meat packaging, such 
as casings on sausages, ham, efc., pectinate films can be applied by dip 
coating. The process is simple, since the meat can be preformed into the 
desired shape and then dipped in a dispersion of calcium sedium pectinate. 
The temperature of the dip solution can be maintained at about 70°C., 
which keeps it fairly sterile yet does not change the appearance of the 
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meat noticeably. The gel coating is dried, and the resulting film forms an 
attractive casing. The casing is readily removed by boiling or is edible 
and tender when the meat is cooked by other methods. Tests at this 
laboratory have shown that pectinate films are about as permeable to 
water vapor as are cellulose films. Films of this type and those made with 
other cations offer possibilities in preservation of fish, frozen foods, 
cheese, efc., and as an antisticking or glazing agent for dried or candied 
fruits. 

Advantage may also be taken of the fire-retardant properties of 
metallic pectinates in film-coating preparations for use on flammable sur- 
faces or as films for use as decorations or draperies. 

Calcium pectinate films might be used in surgical dressings in the 
manner of celluronic acid gauzes. 


SUMMARY 


Pectinate films possess strengths between 7 and 14 kg./mm.? and, are 
extensible to about 3-9%. They can be plasticized with glycerol, which 
decreases the tensile strength about 30% at effective concentrations. 

Theoretical aspects of the tensile strength measurements are discussed. 

Increased resistance to water and washing agents is achieved by con- 
version of the films to polyvalent metal pectinates. 

At present, the most promising use of pectinate films is as a dip coating 
for food packaging. 
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NOTE ON THE MODE OF COAGULATION OF 
COLLOIDS—GROUP COAGULATION 
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From the Institute of Physical and Chemical Research, Tokyo, Japan 
Received November 7, 1947 


When a sol containing two different kinds of colloid particles, say Ao 
nd Bo, is caused to coagulate, the particles Ay and Boy are usually dis- 
ributed at random in the resulting precipitate. This mode of coagulation 
aay be called disordered coagulation (1). In serology, however, a sol 
ontaining two kinds of antigen-antibody complex, say A and B, when 
oagulated (agglutinated), the resulting precipitate consists of aggregates 
f A and B, each having a certain number of A only and of B only. To 
etermine whether this mode of coagulation, which might be called group 
oagulation, occurs in the coagulation of colloids commonly known, we 
onducted a series of experiments and obtained some examples. The 
xperimental details are given in each case. 


EXPERIMENTAL 
1. Malachite Green + Methylene Blue 


Equal volumes of 0.5% malachite green and 0.5% methylene blue were 
1ixed. No microscopic particles were observed in this mixture. The mix- 
are was then coagulated by adding half its volume of (NH.)2MoQ,.) At 
rst no precipitate was formed, but microscopically we observed green 
nd violet aggregates having a size of about 1 u. On standing overnight, 

precipitate was formed in which green and violet aggregates were 
istributed at random. 

The green aggregates are similar to those formed when a malachite 
reen solution is coagulated by addition of 1 N (NH.)2MoOu,, and the 
iolet aggregates are similar to those formed when a methylene blue 
lution is coagulated by addition of the same reagent. It is thought from 
xe above observation that in the first stage of coagulation, the primary 
alachite green particles form green aggregates and the primary methyl- 
1e blue particles form violet aggregates and these aggregates then clump 
gether at random to form the precipitates. 

1The preparation of 1 N (NH,4)2M.04:90 g. of ammonium molybdate is dissolved 
100 cc. of 6 N:ammonia solution, and 240 g. of solid ammonium nitrate is added. 
ater is added to the solution to make the volume 1 1. 
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2. Malachite Green + Methyl Violet 


A mixture consisting of equal volumes of 0.5% malachite green and 
0.5% methyl violet was used in this experiment. No microscopic particles 
were observed in this mixture. The mixture was coagulated by addition 
of one-half volume of 1 N (NH4)2MoO,. At first no precipitate formed, 
but, under the microscope we observed green and violet aggregates each 
having a size of about 1 u. 

The aggregates are similar to those formed when malachite green or 
methyl violet is coagulated by addition of 1 N (NH.)2MoO,. From the 
above observation we see that the coagulation proceeds as in case (1). 


3. Blood Charcoal Sol + Fe203 sol 


Blood charcoal was ground in an agate mortar, and to this was added 
human serum diluted 10-fold with water. This mixture was then diluted 
20 times with water. The large particles of blood charcoal were separated 
by centrifugation. By this procedure we obtained a blood charcoal sol 
containing particles about 1 yu in size. This sol showed electrolytic migra- 
tion to the anode. The Fe.03 sol was prepared by Buzdgh’s method (2). 
The coarse particles of Fe,.O; were removed by filtration. The sol thus | 
obtained migrated to the cathode. 

‘On mixing these sols, mutual coagulation takes place slowly. After a 
few days, precipitation takes place. Under a microscope, we observed that 
the precipitate consisted of two kinds of aggregates containing a certain 
number of charcoal particles or of Fe2O; particles 
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SUMMARY 


If a sol containing two different kinds of colloid particles, say A and 
B, is coagulated, and the resulting precipitate is composed of aggregates 
consisting of a certain number of A and B particles, the phenomenon may 
be called group coagulation. This mode of coagulation has been observed 
in the coagulation of the following sols: 


(1) malachite green + methylene blue, 
(2) malachite green + methylviolet, 
(3) blood charcoal + Fe.0; 
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DENATURATION AND OPTICAL ROTATION OF PROTEINS 
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_ Itis fairly generally admitted that denaturation consists of a loosening 
of the native configuration of a protein, followed by refolding according 
to a less regular pattern.! 

It is a well-known fact, that in many proteins, most notably in 
serumalbumin, denaturation is reversible, at least as far as the bulk of 
the protein is concerned. However, not all characteristics of the native 
substance are equally well reproduced in the regenerated product. Crys- 
tallization, electrophoresis, and antigenic properties are reported to be 
different. As one would expect optical rotation to be rather sensitive to 
changes in molecular configuration, we have measured the rotation of 
regenerated serumalbumin. After precipitation by heating, this protein 
dissolves easily in 50% urea, and this solution can be dialyzed to yield a 
solution of protein in 5% urea. (It is quite feasible to carry dialysis even 
further, but this would have increased the risk of partial decomposition 
of the protein by prolonging the experiment.) For the sake of comparison, 
native serumalbumin was dissolved in 5% urea, which addition does not 
affect the optical rotation. No difference was observed within the accuracy 


1 The high energy of activation of this process has been explained by the assumption 
that it involves the breaking up of an appreciable number of hydrogen bonds, each re- 
quiring an energy of about 5 kcals. (NruRaTH, H., GREENSTEIN, J. P., PuTNaM, F. W., and 
Erickson, J. O. Chem. Revs. 34, 157 (1944); Mirsxy, A. E., and Paving, I., Proc. Natl. 
Acad. Sci. U. S., 22, 439 (1936)). In this connection it must be kept in mind, however, 
that breaking a hydrogen bond in a substance in aqueous solution does not, in the ordin- 
ary way, involve a change in the total number of hydrogen bonds. For two broken, one 
between solute molecules or within a solute molecule, and one between two. solvent 
molecules, two new hydrogen bonds arise between solute and water molecules. If, there- 
fore, the high activation energy is to be explained by the severing of hydrogen bonds, one 
must postulate-one of the following processes. Either a great number are broken in the 
activated complex, in which case small differences between individual hydrogen bonds 
may add up to a total of the order of 30 kcals., or some polar groups must be screened 
off by nonpolar parts of the molecule in the activated state, thus actually lowering the 
number of hydrogen bonds in the system. But it seems worth considering whether or not 
the main cause of the high activation energies will be found elsewhere. 
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TABLE I 
Specific Rotation of Serumalbumin at pH 6.5 

Treatment of protein [ep] 
Native: 

Native in water —65° 

Native in 5% urea —61° 
Denatured: 

Native dissolved in 50% urea —87° 

Heat-precipitated dissolved in 50% urea —95° 
Regenerated: 

Native dissolved in 50% urea, dialyzed to 5% urea —61° 

Heat-precipitated dissolved in 50% urea, dialyzed to 5% — 60° 

Heat-precipitated dissolved in 50% urea, diluted to 5% —67° 


of our experiments (about 3°) between the rotation of native and of 
regenerated serumalbumin.? 


2 Paul, W., and Werss, P., Biochem. Z. 233, 381 (1931), have found that solutions of 
native and heat-precipitated serumalbumin in saturated urea solutions show the same 
optical rotation. In these solutions the protein is in a denatured condition, however, as is 
shown by the different value of [a]. 


LETTER TO THE EDITORS 


NOTE ON EFFECT OF ULTRASONIC IRRADIATION ON THE 
FORMATION OF COLLOIDAL SULFUR 


The production of colloidal sulfur by mixing dilute (about 0.002 M) 
solutions of sodium thiosulfate and HCl has been investigated in detail 
by LaMer and co-workers (1). Among other interesting results, it was 
found that the solution remains clear for a reproducible time, after which 
a Tyndall beam appears, due to a phase transition from molecularly 
dispersed sulfur into droplets of supercooled ) sulfur of sufficient size to 
exhibit light scattering. The recent work of LaMer and Yates (2) shows 
that ultrasonic irradiation of the distilled water used causes a 4-fold 
increase in the time of transition, which they tentatively attribute to the 
partial removal of nuclei required for growth to colloidal dimensions. 
They also demonstrated that the effect is not due to the production of 
H.0, or to any detectable chemical change of the reagents. 


TABLE I 


Induction Period as Affected by Gases Dissolved in the 
Irradiated Water 


Water Treatment Before Time 
Expt. Irradiation (min.) 
ie Untreated water, not irradiated 134, 133 
2, Untreated water 51, 52 
3. Boiled under vacuum 13%, 134 
4. Saturated with air 51, 523 
5. Half-saturated with air hy PP? 
6. Saturated with nitrogen 42, 42 
he Saturated with carbon dioxide 14, 14 
8. Saturated with oxygen 14, 15 
op Saturated with helium 14, 14 


Further study of this time delay caused by ultrasonic irradiation 
seemed of interest to the writer. First, the dissolved gas content of 
several samples of ordinary distilled water was changed in a variety of 
ways, as shown in Table I; then 220 ml. of each sample (except #1) was 
irradiated in the Ultrasonorator for 4 minutes at 1 megacycle, in a 
50 < 400 mm. test tube at a power level of 1750 volts and 350 ma. in the 
plate circuit. To 100 ml. of such water, thermostated at 25°C., there 
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were added 2.50 ml. of 0.24 M HCl and, after thorough mixing, 2.50 ml. 
of 0.12 M sodium thiosulfate. The time required for the appearance of 
a Tyndall beam was measured in each case, using duplicate runs. 

Table I lists the results obtained, for which the experimental error 
is about +1 minute. Just as reported by LaMer and Yates, irradiation 
of ordinary water (#2) lengthens the normal transition time (#1) by a 
factor of 4. Also, the failure of irradiated oxygen-saturated water to delay 
appreciably the transition means that the effect cannot be ascribed to 
the well-known ultrasonic production of H2Ox. 

However, it is difficult to explain the results by a denucleation 
hypothesis. Boiling under vacuum should assist, rather than hinder, the 
subsequent ultrasonic denucleation; yet such treatment causes no delay 
whatever. This suggests that the retardation is due to ‘ultrasonic action 
on a substance which is removed by boiling, probably a dissolved atmos- 


pheric gas. Such a view is supported by the fact that half-saturation | 


with air gives a much smaller delay than full saturation with air. Fur- 
thermore, saturation with nitrogen causes a delay which is nearly as 
great as that observed with ordinary water. CO2, Oz, and He are without 
appreciable effect. 

Previous investigators (3) have shown that NH; and HNO; are formed 
in small amounts when water containing N» is irradiated. Apparently, 
then, some such reaction products as these are primarily responsible for 
the delay in the formation of the sulfur sol. It would be of considerable 
interest to elucidate the precise mechanism of this effect. 


ALFRED WEISSLER ~ 
Naval Research Laboratory, 


Washington 20, D. C., 
Dec. 5, 1947 


The opinions contained herein are the private ones of the writer and are not to be 


construed as official or reflecting the views of the Navy Department or the Navy service 
at large. 
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BOOK REVIEWS 


Colloid Chemistry, 2nd. Edit. By Ropert J. Harrman, Director, Industrial Division, 
The Arco Company, formerly Associate Professor of Chemistry, Indiana University. 
572 pp. Houghton Mifflin Co. Price $6.50. 


This is a textbook in which ‘the author has attempted to present the fundamentals 
of colloidal phenomena in such a manner that they can be understood not only by 
students of advanced chemistry, but also by students in allied sciences. . . .” “Sufficient 
reference material has been included to afford at least a starting point for a comprehen- 
Sive review of pertinent scientific papers” for those who expect to pursue research in this 
field. “The aim of this book is to present all the important phases of colloid chemistry 
without overemphasizing one narrow aspect of the subject at the expense of others which 

are, to the average student and reader, just as important.” “In this second edition, a 
serious effort has been made to preserve the scheme of presentation and organization 
of the first edition, which emphasized the principles upon which the more recent advances 
have been based.” 

The table of contents indicates that the author has succeeded in one of the above 
objectives; namely, by including most of the important phases of colloid chemistry. 
However, in a text of this size, there should be at least a brief treatment of conductance 
of colloidal electrolytes and solubilization as developed by McBain, Tartar, Harkins and 
their respective collaborators. This is not mentioned. The reviewer’s chief objection 
centers, not so much upon omissions, as upon the loose and inaccurate presentations of 
many of the topics. For example: Gamma, in the equation for the solubility of small 
particles (p. 14), is defined both as surface tension or energy. Furthermore, Gibbs did not 
give this equation in the form attributed to him. The Tyndall phenomenon is developed 
in some detail and the disturbing influence of a nonuniform particle size in nephelometry 
is quite properly emphasized. However, the author’s understanding of the theory of light 
scattering is not clear (p. 191). “Thus the scattered light from particles of a magnitude 
approximating the order of light waves will show a preponderence of blue light.’”’ This 
impression is given repeatedly (p. 192), but on p. 291 we find “‘when the light scattering 
particles are of large size (italics mine), 7.e., in excess of 1/20 of the wave length of light, 
the angular distribution is not symmetrical.” This is a correct statement, but then the 
particles are not ordinarily called large. The author also labors under the all too common, 
but erroneous, impression that the Mie Theory is applicable only for conducting (7.e., 
colloidal gold) particles, whereas, he should point out that it is valid for dielectric 
particles (sulphur) as has been demonstrated in a series of articles in this Journal. The 
statement (p. 214) “the color of dielectric particles is more or less the same, regardless 
of the extent of subdivision” is not true in the light of results on sulphur sols, oil aerosols 
and the author’s table (p. 317) on water acrosols in a Wilson Cloud Chamber. 

Part I (pp. 1-181) is devoted to the fundamental theories and applications of surface 
chemistry and is based upon the classical Polanyi theromodynamic and the Langmuir 
kinetic approaches to adsorption and catalysis. This part is moderately satisfactory, 
although the colloidal bearing upon catalysis is nebulous. 

The preparation, physical, optical, electrical, and filtration properties of lyophobic 
colloids, and their applications are stressed in Part II (pp. 182-360), followed by Chapters 
on aerosols and foams. 
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In Part III (pp. 361-452) on lyophilic colloids, the emphasis is on the electrokinetic 
behavior of proteins and the structure and property of gels. The works of Donnan and 
of Loeb are presented in good perspective, but the methods of measurement and the inter- 
pretation of viscosity are dismissed all too casually, with a drawing of an Ostwald viscom- 
eter. One looks, in vain, for any mention of the important results obtained during 
the past decade associated with the names of Debye, Eyring and Simha. Although the 
book is not up-to-date in many respects, it does contain a number of photographs and 
diagrammatic sketches which will be informative to the student. 

In Part IV (pp. 453-564), the author really goes to town on biocolloids. Here, almost 
every conceivable subject is treated, ranging from the cycloid structure of proteins, 
saccro-colloids, lipides, cookery, the brewing of beer, biocatalysts, cell membranes, 
ossification (the latest reference in this active field is 1919), kidney stones, to Bancroft’s 
famous peptization-coagulation theory of anasthesia, insanity and death. After four 
pages “ad la Jules Verne,” we are relieved to read that “his (Bancroft’s) theory and the 
claims about sodium rhodanate have not been regarded with favor by medical men.” 
The reviewer would add “and also the overwhelming majority of chemists.” The last 
chapter of the textbook treats colloidal medicines, powder, creams and ointments. Here 
we learn (p. 552) from the ‘‘Rockefeller Centre Weekly, 1935” that “a dead orchid was 
brought back to life” merely by the addition of a few drops of a colloidal suspension of 
copper to the water to which ‘‘the dead flower” was dipped. “The experiment was so 
convincing that further research of a similar character is being subsidized, it is said, to 
the extent of $2,000,000 per year.” 

Such are the wonders and uncontrolled possibilities of colloid chemistry. But the 
reader of the 1947 edition would like to know what has been accomplished with this 
vast sum of money during the twelve intervening years. 


Victor K. LaMesr, New York, N. Y. 


Qualitative Analysis by Spot Tests. Inorganic and Organic Applications. By Fritz 
Fricx, 3rd, completely rev., Eng. Ed., tr. by Raupx. E. Ozsper. Elsevier Pub. Co., Inc., 
New York-Amsterdam, 1946. xvi + 574 pp.; 37 tables, 45 figures. Price $8.00. 


Dr. Feigl’s standard text on spot reactions requires no further recommendation. I 
appears here thoroughly revised, including the newer material which has become avail 
able in recent years, with tested details of the procedures and applications. In contras 
to the previous editions, this issue also presents a detailed account of the manipulation 
involved in spot test analysis, namely, the chapter: “Working Methods and Special Aids’ 
from the author’s “Laboratory Manual of Spot Tests.”” Together with the theoretica 
part of the original German editions, which appeared in English as “Specific and Specia 
Reactions for Use in Qualitative Analysis,” the present issue provides the best informa 
tion available on the theory and practice of spot reactions. | 

An additional chapter on the detection of free elements, and a bibliography on ap- 
plication of spot reactions for special scientific and technical purposes, are included. 
This bibliography contains about 140 entries, in addition to those given in the 63 page 
chapter “Application of Spot Reactions in Tests of Purity, Examination of Technical 
Materials, and Studies of Minerals.” A tabular summary of the limits of identification 
attained by the spot tests, with page references and a subject index, totaling 55 pages. 
complete this practical book. 

The binding and printing are attractive. The paper could have been better, especially 
for a book which is going to be used extensively as a laboratory reference. 


Oxav Foss, New York, N. Y. 
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Phenoplasts. By T. S. CarsweLw. 280 pp. Interscience Publishers, Inc., New York. 
Price $5.50. 


This book is an assembly of literature references into two pictures, one picture to 
cover the chemical structure and the other to cover the physical structure of the pheno- 
plasts. To these have been added sketchy chapters on the manufacture and molding of 
these resinous mixtures. 

The chemical structure favored is largely based on a review of the publications of 
Zinke, Hultzsch and von Euler, which data, in turn, are based on the restricted reactions 
of a phenolic ring by partial substitution and then assuming that such a substituted 
phenol, by steps, points the way in which an unsubstituted phenol should react. In this 
way it was established that the simple mono addition product of phenol and formaldehyde 
could take any one of three paths—reversal, loss of water to give the ether, and loss of 
formaldehyde to give the disubstituted methane connector for two of the phenol rings. 
The two-formaldehyde addition to one phenol product, in addition to these reactions, 
seemed to give long chains or large cycles. A chain of average size of four phenyl rings 
was resinous but a large cycle containing four phenyl rings was still crystalline. The 
reasons for a fairly pure product being resinous are not attempted. 

The tri addition product of formaldehyde on phenol is still more obscure. No trace of 
its existance has been recorded except when made by indirect methods and then stabilized 
for measurement as by an ether or ester. 

An omission in the record (p. 31) is noted in the three dihydroxydiphenylmethanes. 
The diortho form (a) is known and reference should be made to Buehler, Cooper and 
Scrudder, J. Org. Chem. 8, 316, who first published its correct properties. Corrected prop- 
erties of the other isomers also would be in order. Corrections are needed to the literature, 
such as to Koebner’s statement that “a reaction of 10 moles phenol with 6 moles for- 
maldehyde gives a resin with a mean molecular weight of 437.” In actual fact infusible 
resins can be so formed and their molecular weight is thus unknown (and high). The 
proper correction is “reaction, carried out so that the formaldehyde is evenly distributed, 
of 10 moles phenol and 6 moles formaldehyde give molecular weights approximating 
437.” Vanscheidt’s formula (p. 33) requires the same safety correction. Without such a 
correction the statements are not true. 

The section on physical structuré is the stronger section of this book. There is an 
attempt to discover the meaning of the crack patterns of the hardened resins by causing 
swelling cracks to appear. The appearance of cracks are delayed by additional time- 
temperature cures up to a certain point. This delay coordinates to some extent with by- 
products evolved and with increase in per cent insolubles. 

The author places emphasis in the hardening process as an aggregation to sphero- 
colloidal particles linked in the final step by a relatively small number of methylene 
bridges (pp. 72 and 69). The infereace is that the swelling cracks appear along the lines 
of the weakness between the colloidal particles. This concept is interesting but not yet 
proven. 

The sections on fillers, classification, properties and temperature effects are inter- 
esting for the research student but lack details needed by the commercial resin chemist. 
Two good short review chapters are included, one by Herr on ion exchange and the other 
by Whitlock on molding. The publication has been read with much interest by the 
reviewer and it is thought that the publication will fill a need for both college students 
and beginners in the commercial resin fields. Resin research chemists will find at least 
parts of it of value. 

The book has good type but mixed paper supplies. It is suggested that it should be in 


i tant polymer library. 
acer ace oo > H. L. Benper, Bloomfield, N. J. 
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Organic Chemistry. By Paut Karner. 3rd English Ed., ir. from the latest German 
edition by A. J. Mex. Elsevier Publishing Co., Inc., New York, 1947. 957 pages. Price 
$8.50. 

As this book has become a well-established classic in the field of organic chemistry 
it seems unnecessary to do more than discuss the changes which have been incorporated 
into the latest edition. The author states in the preface that “Every chapter has been 
the subject of careful scrutiny and revision; where necessary, passages have been re- 
written to bring them into line with the results of recent investigations. The modern 
literature . . . has been taken into account down to about the end of 1945.” This 
statement is perhaps misleading. Sections have been added on Tréger’s base (p. 129), 
biotin (p. 720), penicillin (p. 772), the synthesis of quinine (p. 850), recent work on 
colchicine (p. 871), and a few other minor topics. Except for these additions, however, 
the book remains virtually unchanged. 

Almost no additional discussion of the modern theory of mechanisms of organic 
reactions has been introduced, and some of that which remains from the preceding 
edition (pp. 61-64, 377-379) seems to be of such dubious value that it might better 
have been omitted. 

The latest edition is somewhat more attractively printed than the others. A num- 
ber of misprints absent from the second edition have appeared in the third, however. 
While attention has been called to most of these in an Errata sheet, some are still un- 
corrected (for example, formula II at the top of p. 708 has an extra hydrogen and the 
formula for strophanthidin at the top of p. 710 is in need of a double bond). 

In spite of the short-comings mentioned above the book will no doubt continue to 
serve as an invaluable reference work on organic chemistry, particularly in the field of 


natural products. 
Davin Y. Curtin, New York, N. Y. 


Rontgenographisch-Analytische Chemie. Méglichkeiten und Ergebnisse von Unter- 
suchungen mit Rontgeninterferenzen in der Chemie. By E. BRANDENBERGER. Verlag 
Birkhauser, Basel, 1945. 287 pp.; X tables, 121 figures. 

This book does not present in detail the theory and practice of X-ray work, but aims 
to point out the manifold applicability of X-ray methods to chemical problems, and to 
state the possible results, as well as the limitations, obtainable in the special cases. 

The first two chapters (80 pages) deal with the nature of crystals and the various 
experimental X-ray techniques; Chapter III (9 pages), the X-ray characteristics of 
crystalline and amorphous phases; Chapter IV (16 pages), methods for identification of 
pure and mixed crystals; Chapter V (18 pages), X-ray analysis of mixtures and evaluation 
of phase diagrams; Chapter VI (54 pages), the effects of crystal state on the character- 
istics of X-ray diagrams obtained by different experimental techniques; Chapter VII 
(63 pages), X-ray methods for study of rearrangements and chemical reactions in solids. 
The last chapter (53 pages) discusses the determination of crystal structure by X-ray 
methods. 

The subject matter has been well covered, including topics such as molecular weight 
determinations by means of X-rays, small angle scattering as a means for evaluating 
particle dimensions, micro techniques, study of the structure of molecular films by means 
of X-rays and electron rays, and electron ray methods for solids. 

There are.no literature references in the text, but at the end of each chapter are 
included critical selections of pertinent literature (up to the end of 1944), with the 
author’s commentaries. The colloid chemist will perhaps miss a reference to Weiser and 
Milligan’s work on the structure of inorganic gels. 

The book should prove of special value to research chemists, interested in the use and 
the aspects of X-ray methods in chemistry. 

j Oxav Foss, New York, N. Y. 


NOTE ON THE ORIGIN OF THE TERM “RHEOLOGY” ! 


Earl K. Fischer 


From the Institute of Textile Technology, Charlottesville, Virginia 
Received January 5, 1948 


When, in 1929, Professor E. C. Bingham was searching for a word to 
cover the subjects of elasticity, viscosity, and plasticity, he considered 
a number of suggestions of Professor John R. Crawford of Lafayette 
College. The word rheology was selected as distinctive and explanatory. 
Based on the Greek roots rheo (to flow) and logos (science), it appeared 
adequate for the ‘“‘science of the deformation and flow of matter.” There 
can be little doubt that both Professor Bingham and Professor Crawford 
believed this word was new, and this description of how the word came to 
be “‘invented”’ has been frequently quoted (1,2,4,5). 

An earlier use of rheology in the biological sciences seems to have 
been completely overlooked. In 1901, Forel (3) defined rheology as the 
study of flowing surface water as springs, brooks, streams, and rivers. 
(“Die Rheologie endlich studiert das flieszende Wasser der Landflichen, 

“die Quellen, Bache, Fliisse, und Stréme.’”’) Rheology with this meaning 
distinguishes from the study of standing water encompassed by the term 
limnology, and Welch (6), in pointing out this distinction, deplores the 
physicists’ definition. Presumably rheology was in use prior to the publi- 
cation of Forel’s book in 1901, but I have no citation to still earlier usage. 

Rheology is not listed in the New English Dictionary (The Oxford 
Dictionary), in various encyclopedias, or in other general reference works. 

Rheologists need not be disconcerted by this prior use of the term. 
The Bingham-Crawford definition is fairly well established in scientific 
and technical literature and is to be found in recent editions of the Mer- 
riam-Webster New International Dictionary. Scott Blair observes that 
the word has been translated into a “considerable number” of European 
languages. The biologists’ definition, on the other hand, seems to have 
had scant use. 
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1 This note has been written to be used following the Society brochure in the Rheology 
Issue of the papers submitted at the annual meeting of the Society of Rheology, New 
York City, Oct. 31-Nov. Ist, 1947. 
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THE SOCIETY OF RHEOLOGY 


Announcement of the establishment of a Bingham Award in Rheology 
was made in the February, 1947, issue of the Journal of Colloid Science. 
During the past year a number of well known scientists in the field were | 
approached to form an award committee, contacts were made for the 
purpose of casting a suitable medal, and a sculptor was commissioned to 
design it. Announcement of the committee membership will be made in 
an early issue of the forthcoming A.I.P. news journal, Physics Today, so 
that nominations for the 1948 recipient may be submitted. In addition, 
Physics Today will publish, from time to time, the rehological news of 
general interest that has appeared previously in the Rheology Bulletin, 
which, for the time being, has been suspended in the belief that the 
Journal of Colloid Science and Physics Today may be of broader service to 
the science than was the Bulletin. 


A PENETROVISCOMETER FOR VERY VISCOUS LIQUIDS 


J. J. Bikerman ! 
Received November 12, 1947 


INTRODUCTION 


Penetrometers and viscometers are of the class of instruments most 
commonly used for testing adhesives. The essential part of a penetrometer 
(also called “‘gelometer” or “jelly strength tester’) is a needle or cone 
which is pushed into the gelatinous or pasty adhesive by a given force, 

_to.a given depth, or for a given time: the ‘‘consistency”’ of the adhesive 
is a function of these 3 magnitudes. Viscometers may be of any type. 

In the present work, the intention was to devise a simple apparatus 
which could be employed as a penetrometer, a viscometer, and also as a 
tackmeter, or ‘‘adhesiometer.’”? Only a part of the program could be 
carried out.? The application of the instrument to adhesion measurements 
was reported briefly in an earlier paper (1). The penetrometer aspect has 
received little consideration thus far, but the instrument proved con- 
venient, in some respects, for viscosity determination. It is described in 
the following from the point of view of viscometry. 


DESCRIPTION OF THE INSTRUMENT 


A vertical glass tube (see Fig. 1), about 15 cm. long and about 0.5-1.0 
cm. in diameter (the middle part of a graduated 5 cc. or 10 cc. pipette), 
is closed at the bottom end with a rubber stopper, and partly filled with 
the liquid under test. On the surface of the liquid a vertical brass rod is 
placed, and its descent is observed with either the naked eye or by means 
of a low-power microscope provided with a micrometer eyepiece. (A 
traveling microscope magnifying about 20 times is convenient.) To facili- 
tate observation, several scratches are made along the circumferences of 
the rod. To ensure the coaxial position of the rod in the tube the rod is 
provided with 6 ‘‘distance pins.”’ These are pieces of copper wire, 0.16 cm. 
in diameter; 3 are soldered near the bottom of the rod, and the other 3 
about 5-8 cm. from it. A platform to carry weights may be screwed to 
the top of the rod. The bottom of the rod is either flat or nearly semi- 
spherical; no other shapes were tested. 

1 Present address: Research Laboratories, Merck and Co., Inc., Rahway, N. J. 

2 In the laboratories of the Printing and Allied Trades Research Association, London, 


England. 
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The tube is fixed between two plumb-lines in an air thermostat. The 
temperature of a thermometer in the thermostat varied regularly between 
24.2° and 24.6°C., but the temperature of the rod-adhesive-tube system, 
with its larger heat capacity, deviated probably much less from the mean 
value of 24.4°C. 


pu 


Fia. 1. The penetroviscometer. 1—graduated glass tube; 2—brass plunger; 
3—distance pin; 4—upper level of the adhesive; 5—rubber stopper. 


Among the viscometers described in the literature, those based on 
the rate of fall of a coaxial cylinder (2,3,4) or on axial translation of a 
cylinder (5,6,7,8,9) show the highest degree of similarity with the “pene- 
troviscometer,” but the area of contact between the cylinder and the 
viscous liquid does not remain constant in the “‘penetroviscometer”’; in 
addition, there is no displacement of the liquid in the viscometérs of the 
Pochettino type. 


THe THEORY OF THE INSTRUMENT 
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ps woes 
pee ete 
R?Z+ Re, R 
f(Ro, Ra) = Fa Ran eee 


g—acceleration due to gravity 
h—depth of immersion 
ho—correction for the resistance to penetration 
M—nmass of the rod 
Ro—radius of the rod 
R,—internal radius of the tube 
éi—time of immersion 
n—viscosity of the liquid 
p—density of the liquid 


Other notations are explained in the text. 

The weight of the brass rod forces the liquid upward through the 
narrow annular space between the rod and the glass tube. If the pressure 
gradient between both ends of the annular space is y, the driving force 
on a ring, 1 cm. thick and dR cm. wide, situated R cm. from the axis of 
the tube (and of the rod) is ¥-27R-dR. In the steady state it is counter- 


acted by a numerically equal frictional force 7 (Fi +R F cz) 2rdR, if 


the medium has Newtonian viscosity. Here wu is the velocity of the liquid 
at the distance R from the axis. The equation thus. obtained 


au 1 du ¥ 
qd’ Rak (1) 


is easily solved, and yields, since the are at the wall of the tube 
is zero, 


= E(ke -— RB) - Cin 21, (2) 
Hence, the velocity U of the rod relative to the wall is 
v is ota 
ah dn (Ri — Ro) C In = Re. (3) 


C being a constant of integration. The value of C is found from the condi- 
tion that the volume of liquid displaced by the rod must be equal to that 
which in the same time passes through the annular slit, z.e., from the 
equation 


Ri 
Lo eRe i zh QruRdk, (4) 
Ro 
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or 
_ # RARY — Ro?) + CR? In i 
v7) 
= Vase rep +0 (BP - Bs rem ®): (5) 
8n . 
Hence, 
= i (Re + RY), (6) 
and 
Tee ¥ | cee + Rain Bt — (ee — Re |- (7) 


A convincing calculation of the pressure gradient is not easy. If the 
column of the adhesive underneath the plunger were solid, the pressure 
on it would be computed by dividing the weight of the plunger by the 
internal cross-section of the tube. Because of the high viscosity of the 
liquids used, this computation seemed justified also in the present experi- 
mental set-up. Then, when the rod (plunger) is totally immersed, y be- 
comes equal to g(po — p)Ro?/R1’, po being the density of the rod material. 
The velocity of the rod becomes 
Big lee — ) ee Al (RY + Re’) hits 4 

4n 

This equation governs the viscometers of Lawaczeck’s type; the 
equation given by Lawaczeck is its first approximation for Ri — Ryo < Ro. 


In the penetroviscometer the depth h of immersion continuously changes, 


and the pressure gradient is 


v = $5 (M — hore). (9) 
The mass M of the rod appears, because of buoyancy, reduced by the 
mass hp,” of the displaced liquid. Introducing Eq. (9) and the ab- 


breviations given in the list above into Eq. (7), the equation 


Ce Rete 
y--2 (¢ b ) (10) 
results. Since the total volume of liquid remains constant, the depth of 
immersion increases at the rate 
dh RY 


apo a Re = Rees (11) 
1.€. 


rT a (12) 


— (Rt — Ret) |: (8) 
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This equation can also be obtained if the velocity of the liquid is referred 
to that of the rod, 7.e., if the rod is considered stationary and the tube 
moving. 

The rate would be given by Eq. (12), if the advancing front of the 


rod and the front pins met with no resistance. However, this resistance 
exists. The relation between this resistance and the size and shape of the 
rod front was intended to be, but was not investigated. The resistance: 
appears to be equivalent to an increase of the depth h of immersion by a 
length ho which is an apparatus constant. Hence 


lect Bc 
Gt<4 th’ 4ho 


b. (13) 


The integrated form of this equation 


C= bho at h 
en SIRT 


a 


= pln 


t (14) 
is not convenient for calculations, as the two terms on the right are almost 
equal (for the instruments used in this work). It is sufficient to expand 


the log term into a series and to use the first 3 terms. That gives: 


h? j 
; 1 h [ B+ he — 5 h 4% H | 


Reno iectes (i ho) 2 cet ihe). ier (hho 
B.€:, : 
L CX CX 
p= F(h+m-F-F). (15) 


The viscosity is calculated either from the experimental value of b 
as found by means of Eq. (15), or from Eq. (13) rewritten as follows: 


t+ ho dh 


sinc SOM (tad Hr 


(16) 


Evaluation of viscosity 7 is much simpler if the buoyancy term can be 
dh a 
neglected; then TTT es ag and 
a = Mat 2ho) . 


ns (17) 


7 is calculated from this value for a. Ah . 

Simpler still is determination of relative viscosities for liquids having 
similar densities. For a given apparatus the time required to reach an 
jmmersion h is proportional to 7; if the viscosity and the time of descent 
are, for a standard fluid, 7 and ¢o, and for the liquid under test mi and tr, 
respectively, then m1 = noti/to. If c is very large, this equation is approxi- 
mately valid also for liquids having different densities. 
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PRECISION OF THE INSTRUMENT 


Among the magnitudes required for calculating viscosity the mass M 
of the rod, the density p of the liquid, and the time of immersion ¢ can 
be measured very accurately, and the value of f(Ro, 21) can also be found 
with a satisfactory precision.* Practically the whole error of » values is 
due to those in A and hy». It is easily shown that the relative error of 7 
is about twice that of (h + ho). 

The difficulty in measuring the depth of immersion is due to the fact 
that the rising meniscus of the liquid hardly ever possesses an axial 
symmetry and is less symmetrical the more viscous is the liquid. When 
the liquid is poured into the tube and warmed for a short time, the walls 
of the tube remain covered with a film of the liquid which is so thick that 
the distance pins cannot clear it. With the solutions used, longer heating, 
because of evaporation of the solvent, would increase the viscosity too 
greatly. Therefore, the film was blotted away by a plug of cotton wool. 
The portion of the film adjacent to the meniscus could not be removed in 
this way and made the position of the meniscus indefinite within, say, 
0.1 em. An error of 0.1 cm. for h of 1 em. would cause an error of about 
20% in the value of 7. However, after some experience has been gained, 
it is possible to observe a more or less definite point of the meniscus and 
the determination of h can be carried out more satisfactorily; this is 
demonstrated in the examples of the following section. 

The value of ho must be obtained from the experiments themselves. 
The values of h are substituted in Eq. (15) or (16) and that value of ho 
is found which makes b a constant for the whole experiment. It is an 
apparatus constant and does not depend on the liquid used; an experi- 
mental proof of this statement is given in the next section. 

The instrument is capable of improvement in various respects. As it 
is now, it is able to measure absolute viscosities ranging from, say, 10° 
to 10® poises with an accuracy, in one experiment, of +1 or 2%.‘ 


TESTING THE INSTRUMENT 


(a) The radius, Ro, of the rod and that, Ri, of the tube are determined, 
respectively, by means of a micrometer gauge and by weighing with water. 
To check these figures the ratio of “upward movement of meniscus” to 
“downward movement of the rod” was determined. It was equal to the 
ratio Ry’/(Ry — Ro), see Eq. (11), within the limits of accuracy of the 
measurement of h. 


*It was intended to reduce the error of the value of R: by using precision-bore 
glass tubing. 
4 The admissible reproducibility of penetrometer determinations and of relative 
viscosity determinations of very viscous liquids is +2,5-+3.5%, see (10) and (11). 
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(b) For testing the applicability of Eqs. (15) and (16), measurements 
were carried out on solutions of rosin in wood turpentine which, according 
to H. Glaser (12), behave as true Newtonian liquids (i.e., 7 is independent 
of the rate of shear). The original solution used in the final set of experi- 
ments was rosin 80 g., wood turpentine 20 g., and had a viscosity (at 
24.4°C.) of about 6 X 10 g./em. sec. As it had to be heated (to about 
105°C.) for every filling of a viscometer, it obviously was gradually losing 


TABLE I 
Test of Equation (15) 
80% rosin in turpentine; ¢ = 79.28 cm. (p = 1.051); ho = 0.10 cm. 


t h b X 108 
min. cm. cm. /sec. 
33.1 0.70 2.01 
53.5 0.90 1.96 
78.5 1.10 1.94 
107.7 1.30 1.92 
139.5 1.50 1.95 
177 1.70 1.95 
197 1.80 1.95 
242 2.00 1.95 
290 2.20 1.95 
342 2.40 1.96 
398 2.60 1.97 
Ro = 0.2100 cm. 
Ry, = 0.2825 cm. 
M = 11.55 g. 


With b = 1.95 « 10-6 that gives 7 = 1.70 < 10° poises. 


a little of the solvent, and its viscosity slowly rose to about 4 x 105 
g./em. sec. This very considerable rise in viscosity corresponds to a small 
increase in concentration. According to Glaser, the viscosities of 85% 
and 80% rosin are in the ratio 100:1, so that a concentration. increase 
from 80% to about 81% would account for the augmented viscosity. In 
this way, starting from one solution, liquids of different viscosities were 
examined. 

The increase in viscosity, evidently caused by evaporation of the 
solvent, can be illustrated by the following experiment. Two tubes were 
filled with plasticized rosin, and the time of descent of the corresponding 
brass rods along a stretch of 1.00 cm. was determined. It was 98 min. for 
one and 78 min. for the other tube. Then the filled tubes were heated, 
the rods taken out of the melt, the tubes with rosin left overnight in the 


5 Glaser’s solutions flowed through capillaries in agreement with Poiscuille’s law as 
long as the radius of the capillaries was above a limit, e.g., 0.1 cm. for 7 = 10° and 0.5 cm. 
for 7 = 107 g./cm. sec., and ceased to move altogether at smaller radii. No such effect 
was observed in the present work, although the slits between rod and tube were as 
narrow as 0.0861 cm. and 0.0724 cm. The flow was quite regular in all tests. 
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thermostat, and the time of descent was measured as above. It was 138 
min. and 113 min., respectively. The heating and cooling cycle was re- 
peated again, and the time of descent rose to 240 and 160 min. » Tespec- 
tively; all without the rosin sample leaving the tubes. A fresh filling gave 
then descent times equal to 43 and 42 min., respectively. 

Table I shows one of the many tests of Eq. (15). 

A typical test of Eq. (16) is represented in Table II. As the values of 
dh/dt are very small and cannot be measured with great accuracy, the 
spread of the individual values in Table II is large. 


TABLE II 
Test of Equation (16) 
80% rosin in turpentine; c = 59.93 cm. (p = 1.051); ho = 0 


t h rr X 105 b X 105 
min cm. cm. /sec. cm. /sec. 
1.5 0.381 97 6.20 
2.5 0.436 87 6.38 
3.5 0.486 82 6.70 
4.5 0.532 71 6.36 
7.5 0.653 66 7.10 
12:5, 0.818 44 6.09 
125 0.947 42 6.90 
22.5 1.063 36 6.50 
27.5 1.161 30 5.93 
32.5 1.254 33 7.05 
37.5 1.343 26.5 6.07 
42.5 1.423 26.5 6.91 
47.5 1.497 23.5 6.02 
52.5 1.569 24.5 6.59 
57.5 1.637 20.3 5.70 
67.5 1.759 20.3 6.14 
82.5 1.941 20.2 6.76 
97.5 2.108 Wee 6.27 
Ro = 0.3155 cm. 
R, = 0.4016 cm. 
M = 19.70 g. 


With b = 6.42 X 10-6 that gives 7 = 7.70 X 10 poises. 


Yo prove Kgs. (15) and (16) for a system of a very different viscosity, 
a solution of 70 g. rosin in 30 g. benzyl benzoate was used. Table III 
shows the validity of Eq. (15), and Table IV that of Kq. (16). 

The experiments of Table I and Table III were made with one penetro- 
viscometer and it is seen that the same value of ho makes 6 nearly con- 
stant in both experiments. In agreement with the assumption made, ho is 
independent of viscosity. The same observation applies to Table II and 
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TABLE III 
Test of Equation (15) 


70% rosin in benzyl benzoate; c = 77.60 (p = 1.074); ho = 0.10 


t h b X 104 
min. cm, em. /sec. 
0.63 1.00 (2.05) 
1.46 1.50 1.89 
2.50 2.00 1.92 
3.84 2.50 1.94 
 §.50 3.00 1.93 
7.50 3.50 1.92 
9.80 4.00 1.91 
12.37 4.50 1.92 
15.70 5.00 1.86 
18.85 5.50 1.89 
22.70 6.00 1.87 
26.70 6.50 1.87 
31.20 7.00 1.86 
Ry = 0.2100 cm. 
R, = 0.2825 cm. 
M = 11.55 g. 


With b = 1.90 X 10~ that gives 7 = 1.77 X 103 poises. 


TABLE IV 
Test of Equation (16) 
70% rosin im benzyl benzoate; c = 58.65 (ep = 1.074);ho = 0 


t h ee X 104 b X 104 

min» cm. cm. / sec. em. /sec. 
1.25 1.38 93 2.25 
2.25 1.86 63 2.07 
3.75 2.44 60 2.60 
5.5 2.93 43 2.28 
7.5 3.44 42 2.60 
9.5 3.90 37 2.62 
11.0 4.18 29 2.23 
13.0 4.53 28 2.37 
15.0 4.84 22 2.02 
17.0 5.14 28 2.72 
19.0 5.44 22 2.22 
21.0 5.72 25 2.72 
23.0 5.99 22 2.47 


Ro = 0.3155 cm. 
R, = 0.4016 cm. 
M = 19.70 g. 
With 5 = 2.40 X 10-4 that gives 7 = 2.16 X 10° poises. 
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Table IV. In these cases the depth of immersion was measured from the 
end of the rod to the top of the meniscus, and ho proved to be zero. It 
would have been approximately 0.15 cm. if the distance to the lower part 
of the meniscus were measured. 

(c) A third kind of test was carried out by varying the load during 
the descent of the brass rod. A brass rod provided with a platform on top 
(see Fig. 1) was used. Its mass was 30.4 g. On the platform a 50 g. weight 


h+ho 
cm. 


5.4 
45 
3.6 


27 
bx1O& 


° 60 120 180 240 300 360 
min. 
Fis. 2. Test at variable load. Abscissa—time in min. Ordinate, scale at the left— 
immersion depth in cm. Ordinate, scale at the right—the value of b in cm./sec. X 107%. 
Variations of the load occurred at 15, 28, 90, 120, 225, and 290 minutes. 


was placed, the rate of descent determined for a few minutes, the weight 
taken off, the rate of descent determined again, the weight put on again, 
and so on. The results obtained in the longest of these tests are shown in 
Fig. 2. Along its abscissa the time ¢ of descent is plotted. Curve (kh + ho) 
represents the depth of immersion attained at any ¢, and the horizontal 
line is 6 calculated from Eq. (16). Since ¢ is proportional to the load on 
the plunger and, for this instrument, is much greater than h + ho the 
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product (h + ho)dh/dt is, at a first approximation, proportional to the 
load. It is seen that, as to be expected from a Newtonian liquid, b remains 
well constant when the load varies. The load was 80.4 g. along the steep, 
and 30.4 g. along the gentle slopes of the curve for (h + hy). The liquid 
used was rosin 80, wood turpentine 20. 

The values of b are not shown for the first minute after adding or 
removing the additional weight. They are a little too high immediately 
after application of the additional load, and very small indeed (or even 
negative) immediately after removal of this load. That means that the 
brass rod penetrates into the viscous liquids too rapidly or too slowly 
after a sharp increase or a sharp decrease of the load. The retardation of 
descent after the removal of weight is especially striking and has the 
external aspéct of elasticity. The effects are too large to be attributed to 
compressibility and were not due to the rubber stopper closing the tube. 
Similar ‘elastic after-effects’ were discussed, ¢.g., by F. Trouton (13), 

-W. Braunbek (14), and J. M. Burgers (15). In the present work no 
attempt was made to elucidate their nature. 


SUMMARY 


A new viscometer is described. The viscosity is calculated from the 
rate of descent of a heavy vertical rod in a coaxial tube filled with the 
liquid, the viscosity of which is greater than about 1000 poises. 
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RHEOLOGY OF THERMOPLASTIC MATERIALS. 
I. POLYSTYRENE ! 


Rolf Buchdahl 


rom the Research Department, Plastics Division, Monsanto Chemical Co, Springfield, Mass. 
Recewed January 16, 1948 


INTRODUCTION 


“The flow properties of polystyrene and concentrated polystyrene 
lutions have been the subject of several investigations during the last 
sw years. Ferry (1) has shown that, in the case of concentrated solutions, 
he rheological properties are quite complex; the viscosity coefficient is 
ot only a function of the shearing force but also depends on how long the 
hearing force is applied, and, upon removal of the shearing force, some so- 
tions show a certain amount of recovery. Spencer and Williams (2) 
tudied the solution viscosity of polystyrene over a wide concentration, 
smperature and molecular weight range, and obtained a general relation- 
nip between the viscosity coefficient and these variables. Because their 
Yeasurements were made with a falling-ball viscometer, their results 
juld only be given in terms of a single viscosity coefficient. In view of 
1e results obtained by Ferry on very similar solutions, it does not seem: 
otirely justified to characterize the flow properties of concentrated 
olystyrene solutions by a single constant. 

Studies of the rheological properties of pure polystyrene above its 
cond order transition point have been carried out by Wiley (3), Foote 
), Nason (5) and Flory and Fox (6). Wiley measured the rate of elon- 
ation under load at various temperatures and calculated a viscosity 
efficient without attempts to obtain a relationship between the rate of 
ear (D) and the shearing stress (r). Foote used both a parallel plate 
lastometer and capillary-type plastometer (previously described by 
urns, 7). Using different pressures in the experiments with the capillary 
strument, Foote found that the apparent viscosity was a function of 
ie shearing stress, whereas the temperature coefficient of the apparent 
scosity seemed to be independent of the shearing stress. Nason em- 
oyed an extrusion type plastometer where the rate of extrusion at a 
ven temperature was measured as a function of the applied pressure. 
is results show a non-linear relationship between extrusion rate and 


1 This paper was presented at the Annual Meeting of the Society of Rheology, New 
wk, October 31st-November Ist, 1947. 
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applied pressure. Although one can calculate, in principle, rate of shea 
and shearing stress from these quantities, the applicability of suchi 
equations to most extrusion-type plastometers is questionable. Finally, 
Flory and Fox have measured the “melt” viscosity of different molecula 
weight polystyrenes by the use of a coaxial falling cylinder viscomete 
and an efflux-type viscometer; here, too, the flow properties are charac 
terized by only one viscosity coefficient. 

The methods used thus far in the investigation of pure polystyrene 
limit to varying degrees a complete rheological evaluation. It was, there 
fore, felt desirable to study the flow properties by the use of a rotational 
viscometer, which is the most useful technique in the study of a complex 
rheological system such as polystyrene. 


EXPERIMENTAL METHODS 


Fig. 1 shows the main parts of the instrument used in this investiga- 
tion. It is a rotational viscometer of the Stormer type where the torque 
and the speed of rotation are measured on the same element, usually the 
inner cylinder. The outer cylinder (D) is stationary and is completely 
immersed in a constant temperature bath regulated to + 0.5°C. The 
lower part of the rotating cylinder (E) is shaped into a cone and the 
point of this cone rests on a conical plug (F) which closes the stationary 
cylinder at the bottom. The narrow shaft of the rotating cylinder which 
extends above the stationary cylinder passes through a ball bearing (C) 
which is accurately centered with respect to the horizontal axis of the 
instrument. In this way the inner cylinder remains concentric with the 
outer one during rotation without introducing an excessive amount of 
friction. It should be emphasized that this manner of mounting the inner 
cylinder by supports at the lower end is not very desirable. (An improved 
rotational viscometer which eliminates this feature has been constructed.) 
However, measurements with a viscous Newtonian oil (P-7 N.B.S.) 
have shown that the characteristic rheological properties are not affected 
by this arrangement, although the absolute viscosity value calculated from 
the data without the use of end correction factors is, as would be ex- 
pected, different from the value given by the Bureau of Standards. The 
drum (A) and dial (B) mounted to the upper end of the rotating cylinder 
are used, respectively, to apply a torque to the cylinder by means of 
weights and to measure the speed of revolution. A solid preformed plug 
is inserted into the inner cylinder. The material is then heated for a short 
period of time to a temperature of about 230°C., and the inner cylinder 
is put into position. The actual measurement consists in observing the 
rotational shear at various shearing forces as a function of time. A few 
measurements of the recovery after shear were made also. The material 
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Fic. 1. Cross-section of rotational viscometer. 


ised in all these experiments was the standard commercial polystyrene 
sold by the Monsanto Chemical Company under the trade name ‘‘Lus- 
ron.’”’ This material has an intrinsic viscosity of 0.893 and an average 
nolecular weight (M,) of about 113,000. 


RESULTS 
1. Time-Dependent Flow Properties 


When a Newtonian liquid is sheared at a constant shearing stress, 
he total deformation is a linear function of time and the rate of shear is, 
herefore, constant. If this same experiment is performed with poly- 
tyrene, one obtains quite a different result as is shown in Fig. 2. The 
emperature for these measurements was 150° + 0.5°C. and the shearing 
orce was 1.15 X 10° dynes/cm?. The rate of shear (which is inversely 
roportional to a differential viscosity coefficient) does not remain con- 
tant but changes with time in a rather complicated manner. After a 
ery slight increase, the rate of shear remains fairly constant for some 
ime and then begins to drop off. This decrease in the rate of shear is not 
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very pronounced but it can easily amount to a 50% change in the differ- 
ential viscosity. Following this decrease the rate of shear appears to re- 
main constant for a certain period of time, followed by a very noticeable} 
increase in the rate of shear which might change the rate of shear by as} 
much as a factor of 100. ' 


y - DEFORMATION IN NUMBER OF REVOLUTIONS 


TIME IN MINUTES 


Fic. 2. Deformation-time curve. Temperature = 150°C. 
Shearing force = 1.15 X 10° dynes/em?. 


One of the disadvantages of a rotational viscometer of the Stormer- 
type is the fact that the shearing torque cannot be applied for an in- 
definite period of time. Every time the weights are rewound the material 
remains at rest for a certain period of time. It is difficult, therefore, to 
establish whether or not the rate of shear approaches a constant value.” 
On the other hand, it has the advantage that it demonstrates very effect- 
ively the effect of ‘“‘resting’”’ the sample—without a change in temperature 
—on the rate of shear. The large broken circles in Fig. 2 indicate when 
this occurred. It will be noticed that the rate of shear decreases somewhat 
and the extent of the decrease is, among other things, determined by the 
length of the resting period; in one case the resting period was about 2 


2 Two other factors complicate the measurements at high rates of shear: (1) the 
precision obtainable decreases constantly as the rate of shear increases; (2) the rotating 
spindle has a tendency to be lifted out of the instrument. The latter phenomenon has 
also been observed in flow measurements of rubber by this method and is probably due 
to improper design of the rotating spindle. 
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minutes, whereas in the second case it was about 30 minutes. Because 
this particular experiment extended over a period of about 20 hours, the 
shearing was interrupted several times for a period of about 12 hours, 
during which time the sample was at room temperature. (The transition 
from the high temperature to room temperature was accomplished 
within a few minutes by the use of cooling coils inserted in the oil bath.) 
The rest periods at room temperature are indicated by arrows. It is in- 
teresting to note that the continuity of the deformation-time curve is 
not as much affected by this rest period in a “frozen” state as by the rest 
period at 150°C. The effect of rest periods on the rate of shear indicates 
that one is dealing, at least to some extent, with a reversible process. 
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Fie. 3. Deformation-time curve. Curve 1: Temperature = 190°C. Curve 2: 
Temperature = 220°C. 


We have further experimental evidence to substantiate this point. A 
sample was run at 175°C. for some time with a shearing force of about 
3 < 10 dynes/cm.”; the time required to complete one revolution was 
270 sec. Then the temperature was raised to 235°C. for about 30 minutes 
without shearing the sample and then lowered again to 175°C. The time 
for completion of one revolution had now increased to about 340 seconds 
for the same shearing force. In other words, increasing the temperature 
during a rest period and returning to the lower temperature generally 
decreases the rate of shear. Finally, when the material is sheared with a 
higher shearing force and one then reduces the shearing force considera- 
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\ 

bly, the rate of shear frequently decreases slightly for a short period of 
time. \ 

Raising the temperature has a marked effect on the deformation- 
time curve. Fig. 3 shows the results obtained at 190°C. (shearing force 
= 1.15 X 10° dynes/cm.”) and at 220°C. (shearing force = 57.5 x 10° 
dynes/cm.”). The deformation-time curve at 190°C. is still quite similar 
to the one at 150°C. However, the strong increase in the rate of shear 
occurs much sooner than at 150°C. and the temporary decrease in the 
rate of shear, although still observable, has become much less pronounced. 
At 220°C., the time-dependent flow properties have almost entirely dis- 
appeared, at least within the investigated range, and the rate of shear is 
constant. 
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Fic. 4. Recovery of polystyrene as a function of load and r.p.m. 


When polystyrene, at 175°C., is given a shear of one revolution only © 
and the shearing force is removed immediately, a definite recovery can 
be observed. The amount of recovery is a function of the shearing force, 
or rather of the speed of deformation as is shown in Fig. 4. The recovery 
at this temperature is almost complete within a few minutes but no re- 
covery-time curves have been obtained as yet. The important fact, how- 
ever, is that the amount of elastic recovery increases strongly with in- 
creasing speed of deformation. After the material has been sheared for 
several revolutions, recovery effects disappear almost entirely. 


2. Rate of Shear—Shear Stress Relationship 


When the rate of shear is time-independent, the flow properties at a 
given temperature are completely characterized by the relationship of 
rate of shear to shear stress. For the particular polystyrene used, one 
must go to temperatures above 200°C. before these time effects become 
negligible. Fig. 5 shows two flow curves (D vs. 7) at 200° and 220°C. It 
will be noticed that at these temperatures this particular sample still 
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Fic. 5. Flow curves of polystyrene. 
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Fic. 6. Flow curves of polystyrene at 175°C. 
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shows non-Newtonian flow properties, the viscosity is a function of the 
shearing force. At lower temperatures, where the rate of shear is time- 
dependent, it has been difficult to establish an equilibrium value and the 
rheological behavior should really be expressed in three dimensions. 
Fig. 6 shows the relationship between 7 and D at 175°C. (The log of the 
rate of shear is plotted as a function of 7 in order to cover properly the 
wide range of D values.) Curve 1 gives the initial measurements going 
from low to high shear stresses. At 7 = 7.35 X 10* dynes/cm.’? the rate 
of shear was allowed to increase strongly as a function of time until it 
reached the value given on Curve 2. The remaining points on Curve 2 
were obtained by decreasing the rate of shear fairly rapidly. It will be 
noticed that Curves 1 and 2 have almost the same slope. This fact has been 
observed quite frequently in measurements of this type on polystyrene, 
although a change in the slope has been noticed in several experiments. 


DIscuUSssION 


The data obtained in this investigation show that the flow properties 
of polystyrene in the investigated temperature range are non-Newtonian 
and, therefore, the viscosity coefficient is a function of the shearing stress 
or rate of shear. This is in agreement with previously published data (4,5). 
The existence of rather marked time-dependent flow properties had not 
been observed so far, mainly because previous investigators employed 
experimental methods which made the observation of such phenomena 
difficult, if not impossible. Although such time-dependent, or thixotropic, 
flow properties have frequently been observed on other systems, particu- 
larly systems of a colloidal nature, the question arises whether or not, in 
the case of polystyrene, they are a property of the material itself or are 
due to slippage and other instrumental factors. 

Before the experiments reported in this paper were undertaken, some 
preliminary measurements were made in a rotational viscometer (9) 
with an outside cylinder made of glass. No slippage could be observed 
when a torque was applied to the inner cylinder as the speed of rotation 
increased.’ When the inner cylinder was rotated by hand at about the 
same speed, it was noticed that the force required decreased gradually. 
During the rotation of the inner cylinder the material did not tend to 
move out betiveen the shearing surfaces and no voids or air bubbles were 
created. Furthermore, all time-dependent properties disappeared for 
measurements slightly above 200°C., irrespective of the rate of shear. 
It seems difficult to conceive of a mechanism which would explain why 

’In some cases very small air bubbles were dispersed in the polystyrene during the 


apphcation of a shear. The motion of these bubbles appeared to indicate laminar flow 
between the shearing surfaces. 


RHEOLOGY OF THERMOPLASTICS 95 


polystyrene adheres equally well to a metal or glass surface above 200°C. 
but shows strong slippage a few degrees below this temperature. For these 
reasons we are inclined to attribute all time-dependent flow properties 
described in this paper to the material itself, and the following is an 
attempt to give at least a qualitative explanation of the observed flow 
properties in terms of molecular structure of an assembly of high polymer 
molecules. At the outset, it should be stated that more experimental data 
along similar lines is necessary to clear up various points which are not 
too well understood at the moment, and it is quite possible that further 
work might make it necessary to modify, or discard completely, the ex- 
planation to be given. 

At the start of a deformation process, as shown for example in Fig. 2, 
it is reasonable to believe that the polystyrene chains are strongly en- 
tangled with each other. Such points of entanglement, or mesh points, 
are due to interference of two or more chain segments. We will now assume 
that at a given temperature mesh points are broken and reformed con- 
tinuously according to certain rate processes which need not be specified 
at the moment. Now, as a shear is applied to an assembly of entangled 
polystyrene molecules and the material starts to deform, the various 
chain segments will be set in motion and move into new positions. How- 
ever, before they have been able to move very far from their original 
position the stress starts to act on the mesh points and the deformation 
under shear is slowed down, leading to a decrease of the rate of shear. 
If the initial speed of deformation is fairly high, a large proportion of the 
mesh points retain their original configuration and the material exhibits 
a certain amount of elastic recovery. However, as the deformation con- 
tinues, the mesh points are not sufficiently strong to support the stress 
indefinitely and, because the movement of the chain segments is too rapid 
to allow recombination of broken mesh points in new positions, the 
number of mesh points per unit volume will decrease, leading to a con- 

siderable increase in the rate of shear. This disentanglement of mesh 
- points under shear might also be described as an orientation process where 
the chain segments are able to move without interfering too much with 
the movement of chain segments of neighboring chains. 

Using this picutre, the effect of temperature and ‘resting periods” 
can easily be understood. Raising the temperature for a certain period of 
time, without shearing the material prior to the development of high 
rates of shear, will favor disentanglement and, therefore, the rate of de- 
formation will be speeded up somewhat upon return to the original tem- 
perature. However, if the material has been given a considerable amount 
of “orientation,” then the same procedure will lead to an increased entan- 
glement and the deformation will be temporarily decreased. Lowering 
the temperature has the effect of “freezing” the configuration as it existed 
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at the moment the shear was stopped and resting the material at the same 
temperature will have very little effect if the chains are still strongly 
entangled, or it will reduce temporarily the rate of shear if “orientation” 
has taken place to a considerable extent. No specific statement can as yet 
be made with respect to the relative magnitude of the two processes be- 
cause it has been difficult to obtain true equilibrium conditions. 

Because of these strong time effects, it is difficult to give a proper 
interpretation of the rate of shear-shearing stress curves. One can obtain 
entirely different curves at the same temperature depending upon what 
region of the deformation-time curve is being used to obtain the various 
rate of shear values, as can be seen from the example given in Fig. 6. At 


higher temperatures, where the flow curves are almost independent of 


time effects, the relationship between 7 and D is non-linear. The theory 
of viscous flow developed by Eyring (8) and co-workers predicts a non- 
linear relationship between these two quantities when the product of shear 
stress times flow volume is considerably larger than kT; specifically, the 
log of D becomes a linear function of the shear stress. If one plots the 
data given in Fig. 5 in this manner, one obtains a curve which appears 
to become linear at higher shearing forces but is non-linear at lower 
shearing forces. According to Eyring’s theory, the slope of the log D-r 
curve should be equal to the flow volume. A rough calculation of the slope 
gives for this particular polystyrene sample a value of about 10® (A°)®. 
Such a value seems much too high‘ but more experimental work is neces- 
sary before one can reach a definite conclusion as to whether or not Eyr- 
ing’s theory in its present form is applicable to polystyrene at tempera- 


tures above 200°C. Below these temperatures, it seems quite certain that | 


any theory of viscous flow’ must first take into account time-dependent 
phenomena to apply to viscous flow of polystyrene and other thermo- 
plastic high polymers. 

The determination of the temperature coefficient of viscous flow is 
again made difficult by the existence of time-dependent flow properties. 
It seems possible that the energy required to move a chain segment in a 
disentangled structure might be quite different from the energy required 
to break mesh points, particularly when the polymer chain contains side 
groups having different interaction energies from those of the groups of 
the chain itself, as is the case in polystyrene. The wide discrepancies 
which have been reported in the literature® for polystyrene might, in 
part, be due to the fact that the viscous deformation processes are not 


* The same has been observed when flow data on rubber obtained by Mooney (Phys- 
tcs T, 413 (1936)) were treated in this way (SMaLLWoon, J. Applied Phys. 8, 3113 (1940)). 

°See A. Bonp1, J. Applied Phys. 16, 539 (1945) for the effect of flow orientation on 
the viscosity coefficient in isotropic fluids. 

6 See table in Ref. 2. 
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necessarily the same and depend on the particular experimental condi- 
tions. In Fig: 7 are shown the “initial” viscosity values as a function of 
temperature; the initial viscosity (70) is determined as that slope of a flow 
curve which passes through the origin of the D-r diagram. The activation 
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Fig. 7. Viscosity-temperature relationship for polystyrene. 
Temp. no (poises) 
135 3.33 107 
150 3.78 X 108 
175 2.9 — 10°, 6.5 — 10° 
220 7.5 X 104 
1.75 — 104 
E ~ 82 Keal. 


energy of viscous flow calculated from these data is about 32 Keal. Acti- 
vation energies of this magnitude have frequently been attributed to 
highly elastic deformation. Although this might be the correct interpre- 
tation in some cases, it seems quite certain that the deformations from 
which these data were obtained were not of this nature. It is interesting 
to note that one can obtain a much lower activation energy from the 
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experimental data if one plots, for example, the viscosity obtained at 
175°C. from Curve 2 in Fig. 6 and the viscosities at higher temperatures. 
The data of Curve 2 were obtained while the material was presumably 
much more oriented or disentangled than in its initial state. These 
findings seem to lend some support to the statement made above. How- 
ever, the correct interpretation of large temperature coefficients for vis- 
cous flow is still very much in doubt. 
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INTRODUCTION AND CONCLUSIONS 


C.S. Cragoe (1), in 1933, introduced a simple function, the L function, 
to represent changes of viscosity of lubricating oils with change of pres- 
sure, temperature and composition. From the limited amount of data 
then available, he concluded that L was linearly related to temperature 
and its reciprocal linearly related to pressure. On examining the data 
of Hyde, Hersey and Shore, Kiesskalt, and Kleinschmidt, measured over 
a pressure range of 21,000 y, Cragoe found that the pressure coefficient 
of L, designated as 8, was approximately constant for a given oil sample 
at a given temperature, and varied slightly with temperature over a range 
between 68° and 176°F. 

In view of the practical value of the L function, and the fact that 
rather detailed viscosity data (2) are now available for a variety of oils 
at various pressures and several temperatures, it now becomes desirable 
to re-evaluate the L function for several representative petroleum oils of 
widely different characteristics. 

The L functions of 12 representative petroleum oils have been ex- 
amined over a pressure range of 28,000 y at temperatures of 100°, 130°, 
and 210°F. At constant temperature, 8 generally decreases with increase 
of pressure, although in some cases it was found to increase initially with 
increase of pressure. The change of 8 with change of pressure is most pro- 
nounced for the Pennsylvania or paraffinic type oils, the decrease being 
about 36% over a range of 20,000 y at 100°F. for oil No. 1; at 210°F., the 
decrease of 40% is of about the same magnitude. However, for an oil rich 
in naphthenic and aromatic compounds, ¢.g., oil No. 7, 6 decreases only 
by about 4% over the same pressure range at 100°F., and 6% at 210°F. 
In general, the magnitude of 6 has been found to vary from 2.4 to 
4.3 < 10-4, depending on the pressure, temperature, and the type of oil. 
This is in good agreement with Cragoe (1) who reported values of 6 be- 
tween 2.7-4.0 < 10-4 for a number of petroleum oils from different 
sources. Although considerable data at atmospheric pressure are available 

1 This paper was presented at the Annual Meeting of the Society of Rheology, New 
York City, October 31-November 1, 1947. 
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on the physical and chemical properties of the present oils, there appears 
to be no close correlation with the L function. In general, the larger 
values of B occur for the oils of lower viscosity index but the functional 
relationship is not a simple one. 

The temperature coefficient of L, designated as a, for oil No. 3, a 
paraffinic oil, changes with pressure in such a way that a minimum value 
is found below 10,000 y, over a range of 18,000 y. This tendency appears 
to be characteristic of the paraffinic type oils which have been studied. 
On the other hand, a for the naphthenic and aromatic type oils, e.g., oil 
No. 9, slowly increases with increase of pressure. Since the temperature 
coefficient of viscosity increases slowly with increase of pressure, for both 
paraffinic and naphthenic type oils, it can be concluded that a, like 8, 
may exhibit an interesting structural dependence which has not been 
fully investigated. 

It is shown that the defining equation for L can be interpreted in 
terms of current reaction rate theory, and on this basis the pressure 
change of L can be related to the pressure change of the energy of vapori- 
zation, some fraction of which is taken as a measure of the activation 
energy for viscous flow, However, since the energy of vaporization does 
not appear to differ appreciably from oil to oil, regardless of type, it can 
be concluded that. should be about the same for all petroleum oils and 
should be inversely proportional to the rate of pressure change of the 
heat of vaporization. Since the results of the present study indicate that 
8 is not constant, and depends not only on the pressure but on the type 
of the oil, it seems necessary to reject any volume theory for other than 
the first approximation, and to seek a more complete explanation and 
better quantitative agreement in terms of structural effects which are 
related to molecular orientation within the liquid. 


METHODS 


Following Cragoe (1), the absolute coefficient of viscosity of an oil 
can be written 


n= AePlt, (1) 


where A and B are empirically chosen constants for any oil and L is the 
Cragoe viscosity function. The numerical values of A and B are 5 x 10-4 
and 1000 In 20, respectively, as given by Cragoe. 

The pressure coefficient of L is defined by 


8 = (Li — L,)/Ly(p — 1) = — LidL/L,?dp. (2) 
I, is the value at 1 kg./em.2 * and L, is the value at pressure p. 


. Pressure will be expressed in units of the kg./cm.? in calculating 6 to facilitate 
comparison with Cragoe’s values; otherwise, the pressure unit to be used will be the y. 
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Likewise, the temperature coefficient of L becomes 
(3 A Ty — Lo/Lolte =a to) = dL /Lddt. (3) 


Ly is the value at the reference temperature which will be taken to be 
100°F. and L; is the value at temperature ¢. 

From Egs. (1) and (2), the pressure coefficient of viscosity can be 
written 


1/ndn/dp = — B/L,dL/dp = B/L:g (4) 
and the temperature coefficient of viscosity can be written 
I/ndn/at = — B/L2aL/at = — 98%. (5) 
t 


Twelve representative petroleum oils were chosen for the evaluation 
of the L function. Table I summarizes some of the physical and chemical 
data for these oils at atmospheric pressure. Oils No. 1, 2, and 3 were 
Pennsylvania type oils designated in the study of Dibert, Dow and Fink 


TABLE I 
Physical Data for Representative Petroleum Oils 


Per cent | Per cent 


i] source | net. Rant) GRY | piles | vn | Mot [Best | "Race | ase 
1| Penn 3 0.832 14.20 | 101.7 | 127 | 309 78 22 0 
2) Penn 3 0.841 26.20 | 107.1 | 117 | 370 76 24 0 
3] Penn 3 0.879 | 406.0 122.9 | 102 | 705 77 16 7 
4| Penn 4 0.863 83.00 | 110.3 | 102 | 550 T7 13 10 
5| Burma no. 1} 2 0.895 17.38 73.0 79 | 319 67 13 20 
6| Russian 5 0.887 33.30 88.0 66 | 364 60 30 10 
no. 2 

7| Russian 5 0.895 88.80 94.3 49 | 393 59 33 8 
no. 1 

8 | Rumanian 5 0.913 21.10 60.8 35 | 285 54 24 22 
no. 1 


9} U.S. Naph- | Data | 0.982 | 77.40 68.1 | —4 | 330 48 32 20 
thenic of Fink 

10| Burma no. 3) 2 , 
11 | Rumanian 5 0.926 | 450.4 77.8 |—36 | 409 51 29 20 
no. 2 

12| U.S. Naph- | Data | 0.937 | 72.60 60.9 |—38 | 313 47 29 24 
thenic of Fink 
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(3), as oils No. 6, 2, and 1, respectively. The present oil No. 1 was a low 
boiling fraction, No. 2 a commercial “neutral,” and No. 3 a commercial 
“bright stock.” The 3 samples differed considerably in initial viscosity at 
100°F. and in molecular weight. Oil No. 4 was another Pennsylvania 
sample studied previously by Dow (4). Oils No. 5 and 10 were from Burma 
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sources and have been reported by Dow and Veith (2). These two samples 
differed considerably in viscosity index. Typical Russian and Rumanian 
oils were chosen as oils No. 6, 7, 8, and 10. Their viscosity characteristics 
at high pressures were reported by Dow, McCartney and Fink (5). It is 
to be noted that the viscosity indices of these oils covered a medium to a 
low range, which is characteristic of the naphthenic and aromatic types. 
Also, other data at atmospheric pressure, é.g., viscosity at 100°F., aniline 
point, and molecular weight show considerable differences from one 
sample to another. The data on the remaining samples, oils No. 9 and 12, 


TABLE II 


BX 104 (em.2/kg.) at Various Temperatures and Pressures for 
Representative Oils of Table I 


10,000 y 20,000 y 28,000 v 
Oil no. 
100°F. 130°F. 210°F. 100°F. 130°F. 210°F. 100°F. 130°F. 210°F. 

1 3.22 2.86 3.41 2.95 2.69 3.01 2.81 2.64 2.94 
2 2.96 2.95 3.18 2.79 2.78 2.92 2.70 2.68 2.81 
3 2.55 2.67 2.88 == 2.40 2.32 = 2.46 2.46 
4 2.81 2.51 3.31 213 2.70 2.87 — 2.59 2.74 
5 3.49 3.23 = 3.16 3.35% 
6 3.74 3.98 3.57 3.60 4.00 3.38 = = 3.29 
a 3.55 3.65 3.31 3.46 3.51 3.23 = 3.49 3.20 
8 3.75 3.54 2.63 3.76 3.57 2.84 oe 3.58 2.83 
9 4.10 3.86° = 4.08 3.84 = == 3.82° == 

10 3.89 3.71 — — 

11 4.17 3.98 3.61 == 4.00 3.70 = = 3.69 

12 4.29 4.06° = 4.28¢ 4.06° = —= 4.054 = 


* This value at 18,000 Ibs. /in.?. 

’ This value at 150°F. 

¢ This value at 16,000 Ibs. /in.2. 

4 This value at 26,000 y and 150°F. 


were from unpublished studies of C. E. Fink (6), and are illustrative of 
typical U. 8. naphthenic type of oils of low viscosity index. The data of 
Table I were determined by conventional methods of measurement, with 
the exception of the structural characteristics, 7.c., per cent of paraffinic 


compounds, etc., which were measured and computed after the method of 
Waterman and his associates (7). 


EXAMPLES OF COMPUTATIONS 


The details of computation involved in calculating L and 8 are shown 
in Table IT for the case of oil No. 3 (3), at atmospheric and 10,000 y 
(703 kg./cm.?) pressures, at the two temperatures of 100° and 210°F. 
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L is computed from Eq. (1) when it is put in the form of Eq. (6). The 
_ values of the constants A and B are those given above. When L is known 
at atmospheric pressure and 10,000 ¥, it is then possible by Eq. (2) to 
compute § for that pressure interval. 


TABLE III 
L and 8 for Oi No. 2 at Representative Pressures at 100° and 210°F. 
100°F. 
s E | 
tees ee Inn/A Ly | Is—Ly | 6 x lo 
ky- fem? jae em.2lkg. 
1.06 415 9.026 | 331.9 | —~ | = 
702 (10,000 4) | 20.90 10.641 | 2815 504 | 2.55 
| ' 
: 
) | 210°F. | ) | 
1.06 | 026 | 625 | 4789 | — | = 
703 0.92 ) 7519 | = 398.4 ) 5 2.88 


a may be computed at 10,000 ¥ between 100° and 210°F. in the follow- 
| ing way from Eq. (3): 


_ 3984 — 2815 _ 116.9 _ a 
“= Csi siin) 30,965 7 "8 OP UE 


RESULTS 


4 Cragoe concluded from a survey of the earlier measurements of Hyde 
_ (8), Hersey and Shore (9), Kiesskalt (10), and Kleinschmidt (11), that the 
L function was linearly related to temperature and its reciprocal linearly 
related to pressure. The magnitude of 8 was found to range between 2.7 
_and 4.0 x 10~ for about 12 petroleum oils at temperatures between 68° 
and 176°F. They were commercial products obtainable in the market from 
widely different sources, but little inspection data were available, and 
there was no evidence that the samples met any particular standards. In 
discussing the temperature behavior of the viscosity of those samples, 
 Cragoe found it convenient to compute the product of some initial tem- 
perature, expressed in degrees Rankine, by the temperature coefficient of 
L, i2., a; the values ranged from 2.20 to 2.61 for the 12 oils at t = 564°R. 
Eq. (1) can be put in the form 

Ing = In A + B/L. (6) 

Consequently, an oil obeying Eq. (1) should exhibit a linear relationship 
between In 7 and 1/L, the constants A and B being found as the intercept 


and slope, respectively, of the plotted line. An examination of this rela- 
tionship at constant temperature for the oils of Table I showed that it was 


ep ae 


= NY 
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not: valid, since In » departed appreciably from a linear relationship with 
1/L. Consequently, it was decided not to redetermine the numerical 
values of A and B from the present data, but to use the values as deter- 
mined by Cragoe, and given above, in further analyzing the pressure and 
temperature effects on the L function. 
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AS LISTED IN | 
TABLE 1 | 
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fo) 
PRESSURE (|Ibs./squ. inch x 103) 


Fie. 1. Pressure coefficient at 100°F. of Z vs. pressure for 
representative petroleum oils. 


The results obtained for 8 at several pressures are given in Table II. 
Most, of the values are given at 100°, 130°, and 210°F., although in some 
cases data were available only at 100° and 150°F. Figs. 1 and 2 illustrate 


TABLE IV 
a X 10 (1/F.°) at Various Pressures for Several Oils of Table I 


Pressure (W) 
Oil no. 
15 4000 6000 10,000 14,000 18,000 
1 3.42 3.18 3.18 3.28 3.30 3.29 
3 4.03 3.31 3.72 3.78 4.04 4.39 
7 4.36 4.43 4.39 4.54 4.59 4.64 
ge 4.78 4.95 5.03 5.12 5.21 5.30 
* Temperature interval between 100° and 150°F. 
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in more detail the variation of 8 with pressure for several of the oils at 
100° and 210°F. 

Some of the computations for a are given in Table IV. The tempera- 
ture interval is between 100° and 210°F. The product of absolute tempera- 
ture, 560°R, and a ranges from 1.82 to 2.97, not differing materially from 
the magnitude reported by Cragoe. 


LEGEND 
SYMBOL | OIL No* 


20 30 40 
PRESSURE (lbs./squ.inch x 103) 


Fic. 2. Pressure coefficient at 210°F. of L vs. pressure for 
representative petroleum oils. 


Discussion 


The data presented in Table II, or Figs. 1 and 2, show clearly that 8 
is a function of pressure, rather than independent of it, as supposed 
hitherto over the given pressure range. The percentage change over the 
pressure range is considerably greater for the Pennsylvania or paraffinic 
type oils than for the naphthenic and aromatic types. Moreover, 6 does 
not appear to be well correlated with any of the physical and chemical 
data of Table I. In this respect the present study tends to confirm the 
opinion of the writer that it is difficult to predict accurately the pressure 
effects on the viscosity of oils from physical and chemical characteristics 
at atmospheric pressure. From a comparison of the data of Tables I and II, 
it is‘evident that there is a tendency for 8 to increase with decrease of 
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viscosity index, but the correlation is not simple. Moreover, the correla- 
tion which appears to exist between the pressure coefficient of viscosity 
and the aniline point (2) does not seem to be valid for 8. 

Likewise, a is a function of pressure, as shown by Table IV, but the 
temperature effects, as to be expected, are of smaller magnitude than 
those due to pressure. The paraffinic type oils seem to exhibit some com- 
plexity in this respect, inasmuch as there appears to be some evidence 
for a minimum value of a at low pressures which is not shown by the 
other types of oils, but the present data cannot be considered as establish- 
ing this point. 

The pressure and temperature coefficients of viscosity are related to 
Band a, respectively, by Eqs. (4) and (5). It has been demonstrated previ- 
ously (3,4,5) that paraffinic oils show the least relative change of viscosity 
with pressure and temperature, and it is to be expected that 6 and a would 
show a similar behavior when different types of oils are compared. Sub- 
sequently, it was found that 8 varies with pressure and the greater relative 
changes occur for the paraffinic type oils. While the temperature coeffi- 
cient of viscosity increases with increase of pressure for all the oils studied, 
a, on the other hand, appears to increase similarly only in the case of the 
naphthenic and aromatic type oils. It indicates, therefore, that some 
structural change ? with pressure occurs in paraffinic oils which is more 
noticeably * shown up by 68 and a than by the pressure and temperature 
coefficients of viscosity. Unfortunately, not enough viscosity data at high 
pressures are available at the necessary number of temperatures to permit 
a more detailed examination. 

While Cragoe did not attach any theoretical significance to Eq. (1), 
its exponential form suggests comparison with the familiar equation 


y= Ces, (7) 


which has been reviewed by Ewell (12) in regard to its interpretation by 
current reaction rate theory. Examination of Eqs. (1) and (7) indicates 
that the energy of activation for viscous flow D should vary inversely 
with L at constant temperature. If it is accepted that D is to be associated 
with some fraction of the energy of vaporization H,, then, insofar as pres- 
sure is concerned, L should vary inversely as EF, + pv, where p is the 
applied pressure and v the specific volume. 

Since dv/dp does not change appreciably with the type of oil (13), the 
pressure change of L should, for the most part, depend on the pressure 
change of H,. It is not to be expected, however, judging from the small 
number of data available, that dH,/dp would be greatly different from 
one type of oil to another. Trouton’s constant for the simpler hydro- 


* This may be associated with the wax content of the oil. 
‘Since L varies inversely as the logarithm of the viscosity. 
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carbons of the saturated chain type, e.g., heptane, octane, etc., is about 
20 cal./°K. It also has about the same value for a ring type molecule 
like benzene. When it is recalled that no petroleum oil represents an 
unique molecular structure, as shown by the percentages of composition 
in Table I, it is difficult to conceive that E, will be a strong function of 
the structural types present in the petroleum oils which have been ex- 
amined during this study; in other words, in this respect ring and chain 
structural characteristics lose their identities in the average structural 
type which is common in all petroleum oils. Therefore, one would predict 
that 8 should be independent of pressure and only weakly dependent on 
temperature. It can then be concluded that Cragoe’s method of using 
the L function is equivalent theoretically to applying reaction rate theory 
to oils, and, on the basis of the current interpretation of E,, and the effect 
of pressure on it, it is to be expected that 8 would be approximately 
independent of pressure. 

Reaction rate theory has been unable to quantitatively predict the 
change of viscosity with pressure, although as a first approximation for 
the simpler liquids, e.g., ether, pentane, efc., and as a mechanism for de- 
scribing rate phenomena, it has been remarkably productive. The accuracy 
of the viscosity data now available for liquids under pressure has reached 
the point where it is useful to apply them for a critical examination of 
reaction rate theory. This is true especially for petroleum oils. The results 
of the present study, since they show that 8 is a function of both pressure 
and temperature and that 6 and a depend on the type of oil, demonstrate 
that there is no adequate explanation of the observed viscosity effects. It 
should be emphasized that this general conclusion is in no way limited 
to the LZ function, but depends only on the validity of the measured 
viscosity data which have been reviewed. 

It has been stated previously (14,15) that viscosity, as a function of 
volume alone, cannot account for the observed pressure effects. It is ex- 
tremely significant, in this respect, that a plot of viscosity against volume 
for an oil at 3 temperatures yields 3 distinct, widely separated curves (14). 
The reaction rate theory, as currently applied (16), predicts that the 
viscosity of a hydrocarbon should depend only on the number of ‘‘holes,”’ 
and consequently, the viscosity-volume plots at different temperatures 
should all fall on the same line, irrespective of pressure and temperature. 
The principal difficulty,‘ as visualized by the writer, lies in the assumption 
that the breaking of molecular bonds according to the evaporation 
mechanism is similar for the viscous flow mechanism. Part of the energy 
of viscous flow should be due to the breaking of weak bonds due to pre- 
ferred orientation (15) of the molecules when the liquid is under externally 

4 Another difficulty lies in the assumption that the partition function ratio is inde- 
pendent of the degree of orientation. 
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applied pressure, and it is this contribution of non-volume forces which is 
not accounted for or explained by the evaporation process. Evidently, 
this orientation effect is strongly influenced by structural characteristics 
of the molecules, since measurement shows that the effects of pressure on 
the viscosity of oils clearly depend on the type of oil, even though there 
is no unique type of structure associated with any one type of oil shown 
in Table I. 

The concept of molecular orientation during flow, to describe, in part, 
the viscous effects observed in liquids under pressure, proposed by Dow 
in 1934 (17), has been further developed by Bondi (18), who has attempted 
to express the effects of orientation by a somewhat modified reaction rate 
theory. The experimental methods used in studying the chain structures 
of polymer molecules (19) should be applicable for further elucidation of 
the possible effects of orientation in oils, e.g., the phenomenon of bire- 
fringence, while actively studied for some time, has not been fully corre- 
lated with viscosity effects. 


SUMMARY 


The Cragoe L function for the viscosity of oils has been computed for 
12 representative petroleum oils over a pressure range of 28,000 y and 
a temperature range from 100° to 210°F. 

It has been shown that, on the basis of the viscosity measurements for 
these new oils, the pressure coefficient 6 is not approximately constant 
for a given oil over a low pressure range, as supposed by Cragoe, but is a 
function of pressure, and, to a lesser extent, a function of temperature. 
The magnitude of 6 has been found to be dependent on the type of oil, 
e.g., whether the type is paraffinic or naphthenic and aromatic; and its 
pressure and temperature variation is likewise different for the different 
types of oils. 

The defining equation for L has been interpreted in terms of current 
reaction rate theory, and it has been demonstrated that volume effects 
alone are not adequate to account for the observed viscosity effects under 
pressure. It has been suggested that orientation effects during viscous 
flow are probably responsible for the discrepancies now existing between 
measurement and theory. 

The writer acknowledges the assistance of his wife, Evelyn T. Dow, 
who carried out many of the computations. 
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INTRODUCTION 


Colloidal solutions such as those prepared from starch, methyl cellu- 
lose, algmates, gelatin, and water-soluble gums, exhibit anomalous flow 
properties. Viscometric measurements on these substances give a curved 
line when rate of shear is plotted against shearing stress, the curvature 
being such that the apparent viscosity decreases as the rate of shear be- 
comes greater. This property is connected with the solvation, aggrega- 
tion, and swelling of colloidal particles. 

Ostwald (15) has described numerous cases of colloids in which the 
dispersed material is solvated to an extent which leads to marked swelling. 
Such particles, because of their increased size, are considered to interact 
with each other to form some kind of an internal structure, and the term 
structural viscosity was adopted as descriptive of the flow properties of 
these systems. The use of this term has been extended to various types 
of non-Newtonian flow. The term pseudoplasticity has had fairly wide use 
for cases such as those we are discussing (18). One characteristic of an 
ideally pseudoplastic material is flow which begins at a very small shearing 
stress, the curve meeting the torque axis at the origin. There may, indeed, 
be some question about the appropriateness of the term pseudoplastic, 
but it is useful since it distinguishes this kind of flow from plastic, New- 
tonian, and dilatant flow. 

Because of the frequent occurrence of pseudoplastic flow in materials 
used industrially, its measurement is of considerable practical importance. 
Fundamental difficulties in the measurement are usually resolved by 
standardization of a given instrument, usually in terms of process vari- 
ables, and by use of a standard technique. The results of such measure- 
ments, expressed in terms of the instrument, usually serve for control 
purposes but the data have no general significance or validity. 

The present paper is based primarily on studies of methyl cellulose 
solutions and starch pastes by means of the rotational viscometer. Methyl 
cellulose is well suited to rheological study since it is commercially avail- 


1 Presented at the annual meeting of the Society of Rheology, New York, October 31- 
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able in a series of standardized grades,.and it can be put into solution 
easily by soaking and stirring. Starch pastes present many more compli- 
cations, both in preparation and measurement, although the flow proper- 
ties of the two materials are comparable in essential respects. The data 
presented show that a rotational viscometer can be effectively utilized 
in analyzing the flow properties of pseudoplastic materials, provided 
certain elementary precautions in technique are observed. 


EXPERIMENTAL METHODS 


Five grades of methyl cellulose (Dow Chemical Co. “Methocel”’), 
designated as 15, 100, 400, 1,500, and 4,000 centipoise, were used. Solu- 
tions were prepared by pouring hot water over the fibrous material, 
cooling, and then chilling in a refrigerator. The concentrations were 
selected on the basis of a chart of viscosity vs. concentration from the 
manufacturer’s literature, in an attempt to obtain series of solutions of 
approximately equal viscosity from the different grades of methyl cellu- 
lose. The high-viscosity solutions entrained a considerable amount of air, 
and before measurements were made these solutions were centrifuged. 
The starches used were acid-modified corn starches. Fluidity values were 
supplied by the manufacturers. Pastes were prepared by heating in a 
covered, stainless steel double boiler;. agitation was effected by a high- 
speed impeller agitator. Determination of the actual methyl cellulose and 
starch content of the solutions was made by drying in an oven at 105— 
110°C. to constant weight. 

Rheological measurements were made on a commercial model Stormer 
viscometer modified. in the following way. The cup and bob assembly 
supplied with the instrument was replaced by a cylindrical bob and two 
cups machined from brass, with the following dimensions: 


Cup 1 Cup 2 Bob 
Radius 2.34 cm. 1.75 cm. 1.57 cm. 
Height 4.9 ie) 3.53 


The cups were machined to fit in the water bath supplied with the instru- 
ment. Constant temperature in this water bath was maintained by a 
heater of resistance wire wound around the aluminum cup. The heater 
was connected through a fixed-point thermoregulator immersed in the 
water and a relay to a Variac and source of current. With this arrange- 
ment the temperature was maintained within +0.1° at 30°C. when the 
voltage apphed to the heater was adjusted to provide a uniform cycle of 
heating and cooling. Higher temperatures, to 90°C., were obtained by 
changing to the appropriate thermoregulator and using a higher voltage 
setting. At 90°C. control was within +1°. To reduce heat conduction 
from the bob to the bearing assembly at the higher temperatures, the bob 
was constructed of “‘Synthane,” a laminated plastic material. 
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‘The procedure in making these measurements follows. The cup and 
bob were aligned carefully by means of adjusting screws on the support 
for the bath. The cup was filled with the material to be measured, and, 
to hasten the attainment of thermal equilibrium, the bob was rotated 
slowly for several minutes. A series of readings was taken with different 
loads. Most of the data were obtained at increasing loads; some readings 
were taken also at decreasing loads to afford an indication of any change 
in structure. A maximum speed of 400 r.p.m. had been established by 
previous tests with Newtonian oils as a practical limit below which 
turbulent flow was not evident. 

To calculate viscosities from the experimental data, an instrument 
constant was computed from the dimensions of the cup and bob, using 
the well-known equations for the rotation of coaxial cylinders in liquids. 
Correction for the traction at the bottom of the bob was made by a 
method of multiple bobs described recently (12). Since the end-effect 
correction increases rapidly as the viscosity decreases below one poise, 
it was necessary to compute a separate constant for each 0.1 poise 
difference in this range. 

The accuracy of the results obtainable by this procedure was found by 
measuring the viscosity of standard samples obtained from the National 
Bureau of Standards. The viscosity of these samples, with Newtonian 
flow properties, could be determined with an accuracy of +2%. The 
values obtained for methyl cellulose and starch are estimated to be 
accurate within +10%. 

The experimental data reported in this paper have been drawn from 
an extensive series of rheological measurements on various types of ma- 
terials of industrial importance. Most of the data were obtained with the 
modified Stormer viscometer. Other instruments which have been used 
include a specially constructed viscometer of the rotating cup type 
equipped with a thermostatically controlled heating element in the cup; 
the Brookfield viscometer; and capillary viscometers of the Ostwald- 
Cannon-Fenske type. In addition, experiments have been performed with 
the viscometer described by Kesler and Bechtel (11), which has been 
designed specifically for study of the starch-pasting process. 


METHODS OF COMPUTATION 


For both methy] cellulose and starch solutions, the curve for rate of 
shear (r.p.m.) as ordinate plotted against shearing stress (load in g.) as 
abscissa, gave a curve convex to the stress axis. Curves for solutions of 
low viscosity deviated only slightly from a straight line, but, as the con- 
centration increased, the curvature became more pronounced. The vis- 
cosity of a Newtonian material, which gives a linear graph when rate of 
shear is plotted against stress, is the reciprocal of the slope of this line. 
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By analogy we may define the apparent viscosity, 7a, at rate of shear, S, 
as the reciprocal of the slope of the tangent to the curve of rate of shear 
vs. stress at S.” 

Some discussion regarding rate of shear and its calculation for a rota- 
tional viscometer is necessary. The rate of shear (or velocity gradient) 
S is determined by the rate of rotation, radius of the bob, and clearance 
between cup and bob. For any angular velocity w, S is not uniform 
throughout the annular space between the cup and bob, but depends on 
the distance z from the axis of rotation (see Hatschek, Ref. 6, p. 32): 
en ee 


S= x 


R2 — Re 2 X w, (1) 


where R, and R, are the radii of cup. and bob. The mean value of S 
throughout the annular space may be found as follows: 


- Re Be 2R.Ro 
Be fei ad 
S f Sax / ile dx R2 — Rp XK ow. (2) 


b 


When the clearance between cup and bob is small, the rate of shear 
at any point will not differ significantly from this mean value, within the 
limits of experimental error. It may, therefore, be calculated for any w 
by multiplication by a factor involving only the radii of cup and bob. 
Since w is more conveniently found in r.p.m. than in radians per second, 
Eq. (2) may be written: 

An RRs 


S= 60 % Ro — Be 


< 2. Pabe=) koed DT (3) 


2 Tt is recognized that the term apparent viscosity has a variable meaning. Thus, in 
some industrial laboratories, a single point is determined on the stress—rate of shear 
curve, and it is then assumed that the flow curve is a straight line extending to the origin, 
giving in effect a hypothetical curve for a Newtonian material. Such a curve does not,. 
of course, coincide with the experimental curve obtained with a sequence of readings. 
This method of computation has, unfortunately, had wide use and leads to the definition 
that apparent viscosity is the quantity obtained by dividing the shearing stress by the 
rate of shear (5,8,19). Although the dimensions are those of viscosity (dyne-sec. /cm.?), 
it is evident that the values so computed may be far from a correct representation of 
the physical properties. Apparent viscosity is defined in a different way by Williamson 
(18), who assumes that the curve for a pseudoplastic material becomes a straight line 
at high rates of shear. The slope of this linear portion is taken as the apparent fluidity 
and its reciprocal as the apparent viscosity. The qualification of “apparent” is intended 
to indicate that the measured viscosity varies with rate of shear. Further, measurements 
made with different instruments incapable of analysis in rational units are given as 
apparent viscosities. When so used, the term is considered permissible , provided, how- 
ever, that it is not associated with the coefficient in the Newton equation (Ref. 1). The 
need for a consistent nomenclature has been frequently discussed: see, for example, the 
interesting discussion by Cragg (8). 
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To examine how closely S approximates the value of S at any point 
in the liquid, S was calculated for 4 values of x (Eq. 1) at equal intervals 
between the surface of the bob and the cup. The comparison with S for 
each cup is given in Table I. In the table, the constant C is ie x a ; 

TABLE I 
Rates of Shear at Different Points in a Rotational Viscometer at 10 r.p.m. 


Cup 1 Cup 2 
Radius of bob, R,, cm. 1.565 1.565 
Radius of cup, R., em. 1.746 2.342 = 
Clearance, d, cm. 0.181 0.777 
Constant, C, cm.? 2.61 0.932 
Mean rate of shear, 9.55 | 2.52 
S10, seca! 
T= Sio= |Sio—Sio] z= Sio= | Sio—Sio 
n Ry+nd/5) 10C/2? Sio | Re+nd/5| 10C/2? S10 
1 1.601 10.18 | —0.066 1.720 3.15 —0.250 
2 1.637 0.74 —0.020 | 1.876 2.73 — 0.083 
3 1.674 9.30 | +0.026 | 2.031 2.26 +0.103 | 
4 1.710 8.91 | +0.067 | 2.187 1,95 +0.226 


the last factor being necessary to change w to r.p.m., so that S = (C 
X< r.p.m./z?. For the comparison, S and 8 are given at 10 r.p.m.; at any 
other r.p.m. the values remain in the same proportion. The third column 
for each cup shows the deviation of the actual rate from the mean value. 
As would be expected, the closer the clearance, the smaller the spread in 
values of S throughout the liquid. With Cup 1 the use of S as representa- 
tive of the behavior at all points is justified in view of other experimental 
errors. With Cup 2, however, the variation is so large that no single value 
may be regarded as representative. 

For Newtonian materials the variation in rate of shear at different 
rates is not important, since the viscosity is independent of this variable. 
For non-Newtonian materials, such as are examined here, the effect may 
be of considerable importance, because the apparent viscosity will not be 
the same throughout the liquid. If the clearance is sufficiently small, a 
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mean value may be found for apparent viscosity, which, as just shown, 
may be taken as reasonably representative of the behavior of the ma- 
terial being studied. 
TABLE II 
Composition of Methyl Cellulose Solutions 


Solution Methy!1 cellulose Concentration 


no. grade (cps.) (weight-%) 
1 1500 1.55 
2 400 2.05 
3 100 2.82 
4 15 6.06 
5 1500 2.15 
6 400 2.97 
7 100 4.22 
8 15 9.02 
9 4000 1.88 
10 1500 1.91 
11 400 3.92 
12 100 5.36 
13 15 11-2 
14 4000 1.82 
15 1500 2.71 
16 400 3.62 
17 100 5.17 
18 15 11.0 


There is a second effect that may become significant for materials 
showing highly anomalous behavior. In the derivation of Eq. (1) it is 
assumed that the viscosity is constant throughout the liquid being 
sheared. If the apparent viscosity varies rapidly with rate of shear, then 
the effect of variation of this last quantity from point to point may be 
great enough to make the above assumption invalid. Ordinarily this is a 
second-order effect, however, and will not introduce significant error in 
interpretation of experimental data. 

There are two ways in which apparent viscosity may be determined. 
The more direct way is to draw, as accurately as possible, the tangent to 
the curve at the rate of shear in question and to determine its slope by 
actual measurement. The other way is to fit the experimental data to 
some empirical equation expressing stress in terms of rate of shear and 
then to calculate the slope at any point from the first derivative. This 
method does not require such accurate draftsmanship as the first and, 
once the empirical equation has been determined, permits immediate 
calculation of apparent viscosity at any rate of shear. 
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The form of the empirical equation chosen is rather arbitrary. All the 
materials studied gave nearly parabolic curves when r.p.m. was plotted 
against applied load (W). The most obvious form to use, therefore, is the 
quadratic. By the method of least squares, the experimental data are 
fitted to the following equation: 


rpm. =a+bW + cW?. (4) 


It is easier to fit the data obtained with the Stormer viscometer to the 
equation in this form; for calculation of viscosity, however, it is better 
to have W as a function of r.p.m. Simple algebraic solution gives Eq. (5): 


W = [(0 — 4ca + 4c-r.p.m.)? — b]/2c. (5) 


The viscosity (in poises). at any given r.p.m. is then found by multiplying 
the derivative by an instrument constant K,: 


dw 
Va 


= K, aan K,/(b? — 4ca + 4c-r.p.m.)}. (6) 


The constant K, may be found by calibration with standard samples, or 
calculated from the expression given in a previous paper (12): 


60gl 1 R2 — Re 


TES IOI SY pel SE aia 1 
Baile WE Ra SR 


(7) 
where g is the acceleration of gravity (980 cm./sec./sec.), | the effective 
lever arm of the viscometer drum, h the length of the bob, h. the correc- 
tion for end-effect of the bob, and R, and R, the radii of the cup and bob. 

The two instrument constants k, and K, (from Eqs. (3) and (7)) for 
the cup and bob combinations used in this work are shown below: 


Cup 1 Cup 2 
ks 0.955 0.252 
iss 1.93 4.94 


The experimental data may be represented by another equation of 
the form: 
W = A(rip.m.)”. (8) 


It may be noted in passing that when 7 is 1 in Eq. (8), the material is 
Newtonian in flow properties, with viscosity proportional to A; when n 
is between 0 and 1, the curve is concave to the rate-of-shear axis and the 
material is pseudoplastic; when n is greater than 1, the curve is concave 
to the stress axis, and the material is dilatant. Eq. (8) has only two 
parameters, A and n, but it assumes that there is no yield value, z.e., that 
the curve passes through the origin. 
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Equation (8) is most easily solved by changing to the logarithmic form: 
log W = log A + n log (r.p.m.). (9) 


When the experimental data are plotted on log-log paper, straight lines 
are obtained, as illustrated in Figs. 3 and 4. The reciprocal of the slope 
of any line gives the value for n, and substitution of this value in Eq. (9) 
gives A. To find the apparent viscosity the same procedure as before is 
followed: 


dw 


Fe eae Se 1 n—1 
Ties K,An (r.p.m.)"“}. (10) 


"ta = Ky 


EXPERIMENTAL RESULTS AND DISCUSSION 


Apparent viscosities for the methyl cellulose solutions were determined 
by the three ways just described: (a) determining graphically the slope 
of the curve r.p.m. vs. load at any rate of shear and multiplying its re- 
ciprocal by the instrument constant K,; (b) finding the constants a, b, 
and cin Eq. (4) and solving for 7. by substitution in Eq. (6); or (c) finding 
n and A in Eq. (8) or (9) and substituting in Eq. (10). All three methods 
yield substantially the same results. 


Methyl Cellulose Solutions 


Experimental data for solutions of methyl cellulose are presented in 
Figs. 1-5 and Tables III-V. Composition of the solutions is given in 
Table II; numerals on the curves refer to these solutions. 
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Fic. 1. Viscosity curves of methyl cellulose solutions at 30°C. (low range). 
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Fic. 2. Viscosity curves of methyl cellulose solutions at 30°C. (high range). 
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Fic. 3. Log-log plots of load-r.p.m. data for methyl cellulose 
solutions at 30°C. (low range). 
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Fia. 4: Log-log plots of load-r.p.m. data for methyl] cellulose 
solutions at 30°C. (high range). 
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Fic. 5. Viscosity curves of methy] cellulose solutions at different temperatures. 
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TABLE III 


Apparent Viscosities of Methyl Cellulose Solutions. at Different Rates of 
Shear for Two Clearances (30°C.) 


i 


Apparent viscosity (poises) 


Rate of shear, sec7}.......... 10 50 100 
OSD CR Ses Oe Be een ee ead 1 2 1 2 1 2 
Clearance, cm................ 0.18 0.78 0.18 0.78 0.18 0.78 


1 2.6 3.2 2.3 2.5 2.1 2.1 
2 2.8 2.7 2.5 2.5 2.2 2.3 
3 1.8 2.2 1.8 2.2 1.7 2.1 
4 3.0 3.1 2.9 3.0 2.9 2.9 
5 11.0 11.0 (foil 6.4 5.4 4.7 
6 10.5 10.8 7.8 7.7 6.3 6.0 
7 9.0 11.4 7.8 8.1 6.9 6.4 
8 13.9 17.2 12.9 13.8 11.9 11.5 
TABLE IV 


Apparent Viscosities of Methyl Cellulose Solutions at Different Temperatures 
(Rate of shear = 50 sec™) 


Apparent viscosity (poises) 
Solution no. Temperature, °C. 

30 40 50 
1 2.3 1.9 12 
14 Si 3.6 1.8 
5 71 5.0 3.2 

11 21. 16. 10. 

13 59. 44, 34. 


It is of some theoretical interest that, even at the highest rates of 
shear used (400 r.p.m. with Cup 1 corresponds to 380 reciprocal seconds), 
the data still follow the curves very closely. This has bearing on the nature 
of pseudoplastic flow. Some investigators have contended that, in the 
plots of shear vs. stress, after an initial curved portion the graph is linear, 
and that the slope of this linear part gives the viscosity and its intercept 
on the stress axis the yield value. There is no evidence for any linearity 
in the curves for the materials studied; nor is there any indication of an 
intercept corresponding to a yield value. This is most clearly shown in 
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the log-log plots, where any linear portion of the normal curves would 
appear as deviations toward the log-stress axis. 

In all cases, values for na decreased as the rate of shear became greater 
(Table III), as is evident from the shape of the curves. Table III also 
shows the effect of increased clearance between cup and bob on the values 
of na. As was shown in Table I, at the lower clearance (0.18 cm.) conditions 
of uniform rate of shear and laminar flow would be rather closely ap- 
proached, and the values of 7. are regarded as reasonably accurate, prob- 
ably to within +10% (the precision of course being much better). It was 
not expected, however, that these conditions would be even approximately 
realized at the greater clearance (0.78 cm.), in view of the wide spread in 
rate of shear (again Table I). It was, therefore, surprising that the agree- 
ment found at each rate of shear with the two cups was as close as Table 
III shows. (It should be noted that with Cup 2 the angular velocity is 
nearly 4 times greater than with Cup 1 to give the same mean rate of 
shear.) It must be that the effects of high and low shearing rates, even 
over a wide range, average out, so that a mean value of apparent viscosity 
may be found that is approximately valid. It would appear safer, however, 
to use as small a clearance as other circumstances permit. 

The decrease in apparent viscosity with rise of temperature is shown 
in Table IV. Some of the solutions exhibited visible gelation at 50°C. 
When gelling occurred the measurements were of no significance, for only 
a portion of the material in the cup was sheared. 


Capillary and Brookfield Viscometers 


The kinematic viscosities of solutions 1-4 were determined with capil- 
lary viscometers of the Ostwald type. These had been calibrated previ- 
ously with Bureau of Standards samples. The specific gravity of these 
methyl cellulose solutions was found to be close to 1.00, so that the 
absolute viscosity could be taken as equal, within experimental error, to 
the kinematic viscosity. In a capillary viscometer, the mean rate of shear 
can be taken to be 8V/3mr*t, where V is the volume of liquid flowing 
through a capillary of radius r in time ¢. In the Ostwald type, the rate 
of outflow decreases with time, because the head of liquid is constantly 
decreasing; hence, the formula holds only approximately. Table V shows 
the viscosity values found at approximate rates of shear in comparison 
with comparable data for the modified Stormer viscometer. The agree- 
ment between corresponding values is fair when the difference in measur- 
ing methods is considered. 

When measurements were made with capillary viscometers at tem- 
peratures higher than 30°C., and on solutions of greater apparent vis- 
cosity, the time of outflow changed during testing. In one case a two-fold 
increase in time was observed. This is evidence of change in structure of 
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the solution. In view of this behavior, the agreement between the two sets 
of data may be considered satisfactory. 

The necessity for consideration of the rate of shear in measurements 
with capillary viscometers has been shown by Conrad (2) and Lyons (13). 
These investigators point out that failure to take this factor into account 
has been a serious defect in numerous measurements on cuprammonium 
solutions of cellulose. They observe, further, that the assumption of 
Newtonian flow at low concentrations is untenable. Farrow, Lowe and 
Neal (4) also pointed out thé necessity for measurements at known rates 
of shear in working with dilute starch solutions. 

Measurements were also made with the Brookfield viscometer; data 
are given in Table V. With standard oils showing Newtonian flow, fairly 


TABLE, V 


Apparent Viscosity of Methyl Cellulose Solutions at 30°C. 
Measured by Different Instruments 


eae lees Modified Stormer Brookfield 
poliion lmRatetobaheur Rate of shear: 15 sec™! Rate of spindle rotation 
Stes radial clearance: (r.p.m.) 
10-20 sec™ 0.18 cm. 0.78 em. 12 30 60 
Poises Poises Poises Poises 
1 ky 2.6 3.0 = 0.4 0.4 
2 2.61 ORE 2.6 2 1.9 1.8 
3 1.37 1.8 22) 1e2 11 1.0 
4 2.76 3.0 3.0 4.0 3.4 3.1 


satisfactory measurements were obtained, but the data for methyl] cellu- 
lose solutions show considerable divergence from those obtained with 
other viscometers. The source of this divergence may lie in lack of knowl- 
edge regarding rate of shear in the instrument, since the bob (spindle) 
rotates in a rather large volume of solution. 


Starch Pastes 


When a water suspension of starch is heated, no change is observed 
in the appearance of the granules until a definite temperature is reached. 
At temperatures which are characteristic of starch varieties and the 
extent of chemical modification, the granules begin tq swell, the suspension 
becomes translucent, and the viscosity increases rapidly. This process, 
termed gelatinization, is irreversible. On further cooking, the starch paste 
passes through a region of maximum viscosity, after which the viscosity 
diminishes. The viscometer designed by Kesler and Bechtel (11) is par- 
ticularly useful for studying this behavior. The lowering of viscosity on 
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continued cooking is due to the gradual leaching of soluble matter from 
the starch, together with shrinkage, deformation, and finally disintegration 


of the granules. 
The manner in which the breakdown of the starch can be followed 
rheologically is shown in Figs. 6 and 7 and Tables. VI and VII. As cooking 
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Fic. 6. Flow curves obtained after different periods of cooking starch paste. 
(Low-modification, gum-type starch; concentration 9%, dry basis; 90°C.). 


400 


300 


200 


RPM, 


100 


Cy] 25 50 75 100 125 150 
LOAD IN GRAMS 


Fic. 7. Flow curves of a starch paste at different temperatures. (Low-modification, 
gum-type starch; concentration 6.4%, dry basis). 
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TABLE VI 
Change in Apparent Viscosities of Starch Pastes on Cooking 
(T = 90°C.; rate of shear = 100 sec™; Starch content: 10% dry basis) 


Apparent viscosity (poises) 


racobisaraple Pe Time of cooking (hours) 
1 2 3 
6 60 0.27 0.25 0.23 
5 40 0.44 0.38 0.34 
3 80 0.73 0.57 0.59 
10A 20 1.9 1.5 1.3 
TABLE VII 


Apparent Viscosities of Starch Pastes at Different Rates of Shear 
(T = 90°C.; starch content: 10% dry basis) 


Apparent viscosity (poises) 
Description vine Rate of shear, sec7} 
3.6 18 300 
Starch 1, # hr. cook — — 17 0.65 
Starch 5, 4 hr. cook 40 9.5 BY 1.0 
Starch 9D, 1 hr. cook 20 9.7 4.2 122 
Starch 10A, 1 hr. cook 20 22.0 9.7 1.4 


proceeds, the curves show a progressive change; after several hours, little 
further change occurs (Fig. 6). As the temperature of the cooked paste 
is reduced, there is a progressive increase in apparent viscosity, as shown 
by the curves in Fig. 7. The manner in which the rate of shear affects the 
computed viscosity values is shown in Table VII. 

The progress of pasting, shown by viscometric changes, can also be 
followed microscopically. At the start, the granules are only slightly 
swollen, but, as the viscosity increases, a corresponding increase in the 
granule size becomes apparent. With continued heating, the granules 
begin to disintegrate until finally (after 3-4 hours under the conditions 
of these experiments) the granular structure is no longer present. At this 
stage the hot starch paste has its lowest viscosity. Starch paste viscosity 
is due to the presence of swollen granules, fragments, and colloidal ma- 
terial dissolved from the granules. 

It may be noted in passing that the fluidity rating supplied by the 
manufacturers gives no reliable information with regard to the apparent 
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viscosity that is obtained on pasting. It should be added, however, that 
the ratings by any particular manufacturer of his products do have rela- 
tive significance. Evaluation by subjective means or by use of simple 
efflux-type instruments (as is commonly practiced) has led to completely 
false ratings. This situation emphasizes the need for dependable methods 
to obtain data expressible in absolute units. 

The range of apparent viscosities is of interest in studying the indus- 
trial use of pseudoplastic materials, as in the preparation and application 
of warp-yarn sizes and finishing compositions, to draw examples from 
textile processing. Apparent viscosities of 10% starch covered a range 
from about 0.1 poise to more than 25 poises when measured at low rates 
of shear (5 sec~!). At higher rates of shear (in excess of 300 sec) this 
range is diminished. Still higher rates of shear seem to be of minor impor- 
tance, however, for both preparation and application are made at rates 
of shear of low magnitude, certainly less than 50 sec™?. 


GENERAL CONSIDERATIONS 


In the most common cases of pseudoplasticity, the dispersed phase is 
lyophilic, z.e., capable of absorbing and swelling in the liquid phase. The 
particles thus are appreciably solvated and may be pictured as surrounded 
by an envelope of the colloid-liquid complex. In a material which is cap- 
able of forming a gel, the boundaries of one particle merge with those of 
adjacent particles. As the mixture is sheared, the particles are disturbed 
from an equilibrium condition, and are deformed and oriented to some 
extent in the direction of flow. Some of the liquid associated with the 
particles may be separated, with the result that the particles themselves 
are effectively smaller; consequently, interaction during shearing is re- _ 
duced and hence there is a decrease in resistance to shear. As the rate of 
shear increases, the extent of such change in effective particle size becomes 
greater, and, as a consequence, the apparent viscosity falls off. If a point 
were reached at which no further change in particle size occurred, then 
the relationship between stress and rate of shear would become linear. 
It is doubtful, however, if this condition could be met experimentally 
without the complicating effects of turbulence. This explanation appears 
to account adequately for the experimental observations. The subject has 
received considerable attention from colloid chemists, and reference may 
be made to Freundlich (6), Hatschek (9), and McBain (14) for a more 
extended discussion. 

The suspension of a lyophobic solid (one in which solvation does not 
occur) presents a different case, although there is, in some respects, a 
superficial resemblance to certain features of pseudoplasticity. In a Gre. 
pension of a finely divided solid in a liquid, the particles may be associated 
in the form of clusters or floccules. The floccules form a continuous net- 
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work and on stirring the network is broken into fragments. As the rate of 
shear increases, the floccules continue to break down, but if the rate of 
shear is held constant, the floccules no longer change in grouping and 
achieve a stable state during shear. As a limiting case, the dispersed par- 
ticles may be present in a completely deflocculated condition. When a 
suspension of this kind is allowed to remain at rest, the network may be 
formed again by flocculation of the particles. When the structure is broken 
down and rebuilt reversibly, the material is thixotropic. If the period 
required to reform the structure is sufficiently long to allow measurement 
on a rotational viscometer, the curve for increasing rates of shear is 
similar in shape to that of the lyophilic colloid discussed above. After a 
steady state of breakdown is reached (at a given rate of shear), the curve 
obtained at decreasing rates of shear is usually a straight line. The loop 
formed by the two curves is taken as a measure of thixotropic breakdown 
by Green and Weltmann (7). An essential condition is the reversible 
nature of the process. 

The question of whether thixotropy occurs in pseudoplastic materials 
is sometimes raised, but difficulties in the measurement and analysis of 
the flow properties have prevented a definite answer. De Waele (17) has 
discussed the possibility. Heymann (10) in his study of the sol-gel trans- 
formation of methyl cellulose solutions found evidence for thixotropy in 
the transition region. Starch pastes are sometimes described as thixo- 
tropic. If a loop in the flow curve is taken as the criterion of thixotropy, 
the materials examined in the present experiments cannot be regarded as 
showing this behavior when measured at temperatures where gelation 
does not occur. (Starch pastes gel on cooling, and methyl] cellulose solu- 
tions gel when heated above the gelation temperature.) Near the gel 
point, a structure is formed which is broken down on shearing, and the 
curves obtained at increasing and decreasing rates of shear do not then 
coincide. At present, however, there is no evidence that the essential con- 
ditions for thixotropy (an isothermal, reversible transition) are met. 


SUMMARY 


Rheological measurements on two typical pseudoplastic materials, 
methyl cellulose and starch, are presented. Data were obtained on a rota- 
tional (modified Stormer) viscometer. Methods of computation are pre- 
sented which provide values in absolute units. Since the viscosity of 
pseudoplastic materials is dependent on the rate of shear, this factor 
must be specified to have data which are significant and independent of a 
given instrument. When data obtained on the rotational viscometer were 
compared with data from capillary viscometers, the agreement was 
fair, in view of the rough approximation to rate of shear in the latter 


instrument. 
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In the cases studied, there was no evidence for linearity in the curves 


of torque vs. rate of shear, nor was there any indication of an intercept 
on the torque axis corresponding to a yield value. 


The method for rheological study of pseudoplastic materials described 


is relatively simple and can replace, in many instances, the erroneous 
techniques currently employed in certain industries: 
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THE EFFECT THE CONSISTENCY CURVE HAS HAD ON 
THE DEVELOPMENT OF MODERN VISCOMETERS 


Henry Green * 


From the Interchemical Corporation, New York 
Recewed February 2, 1948 


When Bingham (1) in 1916 emphasized the advantage of using the 
consistency curve in place of the single point measurement in viscometry, 
he unconsciously instigated a trend in the development and manufacture 
of commercial viscometers. Consistency curves (stress vs. rate of shear) 
had been in use for many years prior to Bingham’s employment of them, 
but. they were employed more with the idea of increasing the precision 
of viscosity measurements than as a means of recording, in a more logical 
manner, the rheological factors of the material under test. 

Bingham’s prime achievement was to show that plastic materials, in 
distinction to purely viscous materials, cannot be analyzed by a single 
point method, but actually demand the recording of a complete con- 
sistency curve before anything comparable to a coefficient of viscosity 
- can be deduced. His pioneering work in the study of plasticity of clay- 
water suspensions was made with a capillary tube viscometer where the 
shearing stress could be varied quickly over a wide range. This method 
of using a viscometer, while not new, actually constituted the first step 
in the trend of viscometer development as discussed in this paper. 

Two assumptions about the capillary tube consistency curves, Fig. 1, 
~ were made in 1916 that subsequently were found to be incorrect. These 
were (a) that the upper part of the curve is linear, and the other (b) was 
that the non-linear part at the lower end of the curve was the result of 
either slippage or seepage flow. As a consequence, Bingham felt justified 
in writing the equation of plastic flow as follows: 


Vicar BP P). 
fae 8ln 


It is apparent that this is the Poisseuille equation modified by the intro- 
duction of the pressure factor p. This pressure p arises from the force 
required to start flow and was obtained from the intercept on the pressure 
axis made by extrapolating the ‘‘straight” part of the curve to that axis. 


* Dr. Green died just prior to the publication of this article. 
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A few yéars later it became well established that no straight part of 
the curve existed for plastic suspensions of materials such as Bingham 
and his collaborators used. Microscopic examination of flow in capillary 
tubes revealed a cause for the curvature at the lower end of the curve. 
It could be seen that this condition was brought about by the gradual 
change from plug to laminar flow as the pressure was increased. Nothing 
could be discovered, however, about the method of flow taking place in 
the remainder of the curve. 


FLOW RATE V/t 


PRESSURE P 


Fig. 1. Consistency curve of a Bingham body in a capillary tube. 


In 1921, Buckingham undertook a mathematical analysis of this 
problem (2). He derived an equation of capillary flow for plastic materials 
on the assumption that the yield value (a function of p) is a material 
constant, 7.e., it does not change its value with a change in the rate of flow. 
Buckingham’s work showed clearly that if a constant yield value exists, 
the consistency curve must be a hyperbola and so has no straight part. 
In addition, his equation contains 4 variables, which make it exceedingly 
difficult to solve. 

The above conclusions indicated that some radical change would have 
to be made in the construction of the viscometer if it were to be used for 
the measurement of Bingham bodies, 7.e., where a true yield value exists. 

In 1927, Reiner and Riwlin (5) showed rheologists how this difficulty 
could be overcome. The solution, they pointed out, was to give up the 
capillary tube viscometer, except in the case of Newtonian liquids, and 
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employ in its place the rotational viscometer. While either type of rota- 
tional viscometer can be used, for certain reasons the type in which the 
cup rotates is the one that is preferable. 

Reiner and Riwlin pointed out, after the development of their equa- 
tion of flow, that the consistency curve of a Bingham body on the rota- 
tional viscometer, Fig. 2, contains a straight part which can be solved 
very simply for yield mates and plastic viscosity. This part of the curve 
theoretically starts at the point A where the flow has completely changed 


ANGULAR VELOCITY w 


—j,— 
TORQUE T 


Fic. 2. Consistency curve of a Bingham body on a rotational viscometer. 
from plug to laminar and from there on continues to be linear indefinitely. 
Their equation can be reduced to the following form: 


(T — T.)S 


® 


U = 


where U is the plastic viscosity, 72 is the yield value intercept on the 
torque axis, and 7' and w are the torque and angular velocity of any point 
on the straight section of the curve. It can also be shown from the Reiner 
and Riwlin equation that the yield value, f, is obtained from the equation 


Y= TC. 


1 1 
S and C are instrumental constants. S = Re ~ RB? 4rh, and 
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C = S/In(R,/Rs), where R; is the radius of the bob, R, the radius of the 
cup, and h is the depth of immersion of the bob. 
There is another reason why the trend in viscometer construction will 
be in the direction of the rotational viscometer. This reason appears in 
the study of thixotropic systems. Pryce-Jones (4) has pointed out that 
the logical method for studying such systems is by the use of two con- 
sistency curves, one showing the material before extensive breakdown has | 
taken place, and the other, after the material has been subjected to | 
stirring and a much greater breakdown has been induced. 


ANGULAR VELOCITY w 


TORQUE T 


Fig. 3. Consistency curve of a thixotropic material on a rotational viscometer. 


Curves at different thixotropic levels are easily obtained by means of 
a rotational viscometer, for the material is not extruded, but remains in 
the cup, where it is subjected to continuous breakdown during the opera- 
tion of the instrument. It has been shown (3) that the so-called hysteresis 
loop, Fig. 3, obtained by plotting up-and-down curves of a thixotropic 
material in the rotational viscometer gives in reality two thixotropic 
levels, at = A and atw = B, from which the thixotropic breakdown can 
be calculated. The up-curve, which is run first, is bowed indicating con- 
tinuous breakdown. The down-curve is linear (except at the extreme lower 
end) showing that a level has been reached where further breakdown 
ceases to occur as long as the rate of shear is being rapidly decreased by 
the operator. From the up-and-down curves, the amount of thixotropic 
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breakdown measured in viscosity decrease per unit increase of shearing 
rate can be determined (3). 

The result of the Reiner and Riwlin work made it clear that the con- 
struction of the usual rotational viscometer must be changed in such a 
way that a large series of different rates of shear can be had easily and 
quickly. This means that a device must be attached to the viscometer 
that will enable the operator to change the speed of the rotating cup. 
When this is done, a consistency curve can be obtained which, in the case 
of Newtonian liquids and Bingham bodies, can be solved for n, U, and f 
by the equations previously given. Briefly, reviewing the trend so far 
described, it can be stated that the construction of the viscometer for 
such materials as Bingham bodies has passed through the stages exempli- 
fied by the single point capillary viscometer, the multiple point viscom- 
eter, and the multiple point rotational viscometer. There is one step 
indicated which has not yet been accomplished and that is a viscometer 
employing rates of shear so high that they compare in magnitude with 
the rate of shear employed by roller coating machines and high speed 
printing presses. The difficulty here will be to obtain those high rates of 
shear without creating objectionable increases in temperature. Rheologists 
are now working on. this problem, but very little has yet appeared in 
print in regard to this matter. 
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INTRODUCTION 


Standard test methods in the field of stress relaxation of high polymer 
materials have been neglected partly because satisfactory instrumentation 
has not been available. One method of measurement recommended by 
the A.S.T.M. (1) has been described as a ‘‘Compression Set Test,’’ under 
which a sample of standard size and shape is distorted by clamping be- 
tween metal plates, heated for a prescribed time in an oven, then un- 
clamped and allowed to resume its shape for a period of one hour. The 
ratio of the thickness of the sample before clamping to that after release 
is used as a figure of merit of the material tested. 

This A.S.T.M. method does not, of course, give a dynamic measure- 
ment of stress relaxation under strain, and, although the measurements 
provide an index by which materials may be graded, it is often desirable 
to obtain more accurate and detailed information, and be able to predict 
by extrapolation the expected future behavior of the material. Further- 
more, as the sample is clamped before being heated, it is difficult to 
separate the effects of temperature change from those caused by the 
fundamental decay of the material. 

The authors were desirous of making rapid measurements which 
would allow the classification of materials to a higher degree of accuracy 
than could be obtained through the use of the compression set method. 
In addition, it was hoped that enough information would be obtained to 
enable predictions to be made of relaxation values as a function of time 
following the application of a given load to the material. It was expected 
that this might be accomplished by extrapolation of data taken in a 
short period of time with a suitable instrument. The possibilities of ex- 
trapolating by use of mathematical equations involving molecular theory 
and the chemical approach have been investigated by others (2). How- 
ever, results have not thus far been reduced to an equation involving but 
one proportionality constant. The apparatus developed by the author to 

1 This paper was presented at the annual meeting of the Society of Rheology, New 


York City, Oct. 31st-Nov. Ist, 1947. 
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solve this problem applies a predetermined initial stress to the sample; 
the strain built up in the sample is then maintained essentially constant 
and the stress is allowed to relax. The stress as a function of time is 
recorded automatically for the entire period of the test. 

Through experimentation with this instrument it was found that the 
data obtained by plotting stress relaxation vs. time at constant tempera- 
ture yield logarithmic curves. Therefore, by plotting on semilog paper, 
straight lines result, the slopes of which can be used as indices of the 
stress relaxation characteristic of the materials. This is in agreement with 
work done on creep tests of textiles (3). The straight lines obtained in 
tests of a few hours duration apparently may be extrapolated to periods 
of a month or more; actual tests carried to over 1800 hours have indicated 
very close adherence to the straight line plot. Tests are currently being 
extended to a period of several months to provide additional experimental 
verification of the logarithmic stress relaxation behavior. 


REQUIREMENTS 

The requirements for a suitable measuring jig were as follows: 

(a) It should be able to apply, in less than a second, a predetermined 
initial stress of several hundred pounds per square inch to a sample one 
square inch in cross section and one-half inch thick. 

(b) The measuring spring deflection should be small (less than 5% 
of the sample compression under load) so that the spring may be affected 
only by relaxation, and that the sample may remain under nearly constant 
strain. | 

(c) The anvil upon which the sample to be measured is clamped 
should deflect less than 1% of the spring deflection under load. 

(d) The measuring element should be temperature-compensated so 
that measurements can be taken at any desired temperature without the 
instrument sensitivity or zero point shifting. 

(e) It should be possible to measure samples in compression, tension, 
and shear. 

(f) Provision should be made to keep the surfaces of the samples from 
slipping in the clamps. 

(g) The recorder should be able to make a record of the output of the 
measuring Jig over periods of several days with an error of less than 0.2% 
of full instrument scale. 

APPARATUS 


The unit to be described meets the above stated requirements. It 
consists of two components, the first a measuring jig which is used to 
apply a desired initial stress to the sample and to measure its relaxation 


on a continuous basis after the test starts. The second part of the system 
is a suitable recorder. 
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In accordance with the requirements that the allowable spring travel 
be small, a flat leaf spring is used as the measuring element. The stress in 
the sample causes a proportional deflection of the leaf spring, which is 
measured by means of an electrical resistance strain gage bridge cemented 
to the spring. This bridge can be accurately balanced and calibrated; and 
since all 4 arms are cemented directly to the spring’s surface, the bridge. 
can easily be temperature-compensated. 

An early model jig is shown in Fig. 1. It was made to check the method 
and to obtain information for further development. The base or anvil 


Fig. 1 


plate (A) was made of 1” cold rolled steel, the spring (B) of 0.25’ cold 
rolled steel 2’’ wide and 5’’ between knife edges. The knife edges (c) were 
driven by clamping bolts (p). The strain gage bridge was cemented to 
the upper surface of spring (B) at (£), and the two clamping surfaces (F) 
were knurled to prevent sample slippage. Springs (Gc) held the measuring 
spring plate (B) from contact with base plate (a) before the clamping 
bolts were tightened. This jig proved the usefulness of the instrument but 
a means of quickly applying a known load to the test sample was lacking. 
This made it difficult to duplicate readings for a given material. 

To overcome this, the jig illustrated in Fig. 2 was designed. In this Jig 
the fixed anvil of the previous model is replaced by a movable, variable- 
length plunger driven by a lever-operated cam (A). The spring plate (B) 
is the anvil upon which the sample under test is clamped. The adjustable 
plunger allows for the use of test samples of varying thicknesses, and for 
predetermining the strain (and initial stress) to be applied to the sample. 
The cam drive always moves the plunger through a fixed distance, and 
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assures positive clamping in a minimum amount of time. The strain gage 
bridge, after being cemented to the lower spring surface (B), is balanced 
and temperature-corrected so that it holds its zero reading within 0.2% 
over the controllable temperature range of from 70° to 180°F. under no- 
load conditions. Subsequently, a calibration curve of load in pounds vs. 
millivolts/volt applied to the bridge is run. 

A modified Foxboro Dynalog (c) is used for recording the output of 
the electrical strain gage bridge. This recorder was designed specifically 
for use with strain gages and incorporates the voltage supply for the 


Fie. 2 


bridge in addition to performing its main function of recording output 
voltage. The modification consists of adding a range-extending switch to 
suppress the zero of the instrument in three steps, thus changing the 
normal 4”’ deflection range of the instrument to 12’. 

In the final version of the apparatus—the measuring jig, Fig. 2—a 
temperature-regulated oven and a Foxboro recorder have been integrated 
into a compact unit. 


PROCEDURE 


The specimen size selected for tests is the standard pellet of the 
A.8.T.M. normally used for measuring rubber compression set. This 
pellet measures 0.5” thick by 1.129” in diameter (1 sq. in. in area). The 
standard 2’ high plastic sample, however, may be used. 
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The testing procedure consists of subjecting the specimen to a pre- 
determined initial stress and recording the decay continuously as ordinate 
against time as abscissa. A pellet is centered on the spring and the plunger 
adjusted by trial until the pressure exerted by the spring on the specimen 
reaches the desired value. The expended specimen is then removed in 
each case and a new one of the same material substituted before the 
recorder is started. 

It has been found desirable to hold the temperature of the testing jig 
constant during tests; otherwise the volume expansion of the material 
produces an error in reading. While the expansion error might be cor- 
rected, it is more straightforward to control the measuring jig tempera- 
ture. Individual tests have covered periods ranging from one hour to three 
months. At the end of each test a check reading of the instrument zero is 
made to make certain that no drifts have occurred during the analysis. 

The test data are analyzed by plotting, as ordinate, the ratio between 
the stress at each point on the record curve and that at a common refer- 
ence point, against a logarithmic time scale as abscissa. 

Since the rate of decay of stress is at first, in all instances, very rapid, 
it has been found impractical to use the peak recorded stress as the 
common denominator for the interpretation of results. Accordingly, there 
is selected the earliest point for which accurate measurements can be 
made after the relaxation of the specimen has stabilized. In the work 
covered by this report, this time was established as 0.01 hours after the 
stress had been applied to the specimen. 

After the above-defined stress ratios have been plotted against a 
logarithmic time scale for each test run, the negative slopes of the curves 
are determined graphically. Figs. 3, 4, 5, and 6 are characteristic of the 
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plots obtained. Fig. 3 shows a comparison between the curves for certain 
samples of natura] rubber, Neoprene, and Buna-S. Fig. 4 shows the effect 
of ambient temperature on Specimens of Buna-S. Fig. 5 shows the effect 
of humidity variation at constant temperature. Fig. 6 shows a group of 
curves taken on other materials and suggests that the method of test is 
useful for a wide variety of plastics. 


Z 
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All these measurements were made with an initial stress of approxi- 
mately 300 pounds per square inch. Additional measurements with initial 
stress up to 600 p.s.i. indicated variations in slopes smaller than inherent 
variations among individual sample pellets of any one material. 

Although cylindrical samples were used, the shape factor is not impor- 
tant as long as comparisons are made between specimens of identical 
geometry. 

The nature of the stress-time decay curves as illustrated in Figs. 3-7 
is apparently that of a logarithmic relaxation in stress with respect to 
time. Fig. 7 shows an extended period test with measurements up to 1600 
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hours, in which the logarithmic stress relaxation is very closely main- 
tained. On the basis of these data the pressure exerted on relatively stiff 
clamping members by a- plastic sample at times greater than 0.01 hours 
may be calculated from the equation: 


(S/So) = 1 — K(log t/to), 
where 


a) 
| 


= the clamping pressure at time ¢ 
So = the clamping pressure at time fo 
0.01 hours 

= slope of the time decay curves. 


I 


by 
| 


The case for which fp is less than 0.01 hour is excluded since the instru- 
ment does not lend itself to analysis over such short periods. 
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At the start of each test a slight slippage of the material along the 
surface of the clamping plates is apparent. This effect lasts for varying 
lengths of time depending on the material under test. Since it is also _ 
logarithmic in character, it appears in the final plot of the test data as an 
increase in the slope of the curve. The slippage, when it is noticeable, 
seldom lasts for more than 0.1 hour and is easily separated from the stress 
relaxation of the specimen, by the appearance of a discontinuity in the 
slope of the curve. This may be seen clearly in Fig. 8. As has been stated, 
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the clamping plates are roughened to reduce the slippage effect and avoid 
the necessity of cementing or vulcanizing the specimen to them. 

To give further experimental support to the method of extrapolating 
the data, several long-term tests were conducted on Buna-S and Neoprene 
covering periods in excess of 60 days. These showed satisfactory linearity 
when plotted on semilog paper, and, therefore, agreed closely with ex- 
trapolation from the early data of the respective tests. In connection with 
these and all other tests it was also found that the linearity of the data 
improved with the care taken in performing the experiment. Such items 
as stabilizing the oven and sample temperatures before test have relatively 
large influence upon the appearance of the resulting data. 

Specimens have also been tested in tension and shear by simple adap- 
tation of the clamping device. The resulting curves have been indis- 
tinguishable from the ones taken in compression. 


APPLICATIONS 


A stress relaxation measurement, making possible the extrapolation 
to a period of months of a curve requiring but a short test to establish, 
lends itself admirably to industrial problems involving gaskets, shock 
mounts, retaining bands, supports, etc. In an effectively rigid system the 
high polymer member may be adjusted to insure proper pressures or 
positions in the future. Since the shape factor presents no limitations, jigs 
can be adapted to an unlimited number of articles to be tested. Thus, the 
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uncertainty of choosing a material best suited to a given set of conditions 
is reduced once a set of these tests has been performed. 

Curves may be run on materials which are in process of curing, aging, 
dehydrating, etc. Extrapolations of purely theoretical interest may also 
be carried out on samples whose properties are not stable enough to permit 
long-term testing. Successive curves taken on a series of supposedly iden- 
tical samples will indicate the effects resulting from a process, whether 
it be natural or the result of a predetermined set of imposed conditions. 
Controlled atmospheres containing moisture, ozone or solvents, may be 
introduced. 

The instrument can be used for quality control. Samples from produc- 
tion lines may be tested to be sure that the effects of plasticizer, accelera- 
tor, or solvent remain constant. Variations in performance beyond those 
permissible for the process would be quickly recognized and call for 
corrective action. 


EXAMPLE 


A problem of the stress relaxation of a gasket will serve as an example 
of the use of information obtained in the above-described manner. Assume 
that a Neoprene gasket must be compressed to 500 p.s.i. to prevent leak- 
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age in a pipe joint. Three arbitrary formulations are available: A, B, and C 
(Fig. 9). The mechanics of the system (Fig. 10) limit the maximum gasket 
stress to 700 p.s.i. Which composition may be used to prevent leakage 
over a period of 1000 hours? i‘ 
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If all 3 gaskets are originally tightened to 700 p.s.i., gaskets A, B, 
and C will, in 10 hours, relax to 640, 610, and 570 p.s.i., respectively. At 
the end of 100 hours they will have relaxed to 625, 580, and 525 p.s.i., 
respectively. Gasket C will fail at 400 hours, but at 1000 hours, gaskets 
A and B will still be exerting safe loads of 600 and 545 p.s.i. 
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CONCLUSIONS 


Up to now, little use has been made of the strain gage as a means of 
measuring stress, although the idea is not original and has been used 
recently in textile and building materials laboratories. Chain balances (4), 
sliding balance weights actuated by wires (5), and servo mechanisms (6) 
have been incorporated in most constant strain tests which have necessi- 
tated cumbersome equipment. 

The instrument used in the above-described experiments is a compact 
unit, measuring 2’8”” < 1’4.5’’ X 1’, containing a minimum of moving 
parts, essentially free from draft and vibration effects, and with the ad- 
vantage that it measures the relaxation characteristics of a substance 
under constant strain (constant sample deflection). 

Since identical curves have resulted from samples in tension and from 
those under compression, the compression test is generally used because 
of its relative simplicity. 

The relaxation characteristics of a number of materials may be speci- 
fied by one constant when tested under given temperature and humidity 
conditions and for a specified sample shape. Since all characteristic curves 
are straight lines on semilog paper, the suggested ideal parameter is 
the slope A of the characteristic curve as indicated by the equation: 
(S/So) = 1 — K (log t/t). 
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The unit requires a 110 volt A.C. supply, but is voltage-stabilized 
to withstand normal industrial line voltage variations. The temperature 
range of the oven extends to 180°F. and is controlled to within +1°F. 

The materials reported on in this paper were furnished through the 
courtesy of the General Tire and Rubber Company and E. I. du Pont 
de Nemours, Inc. 

The authors wish to acknowledge the help and encouragement of 
Mr. W. E. C. Eustis of the Naval Ordnance Laboratory who first pre- 
sented the problem, and to Mr. M. J. Sanger of the General Tire and 
Rubber Company and Mr. W. N. Keen of E. I. du Pont de Nemours, Inc., 
for furnishing samples for this work. 

A commercial model of the apparatus described has recently been 
made available by Baird Associates, Inc., Cambridge, Mass., under the 
commercial name ‘‘Hi-Po-Log.”’ 


APPENDIX 


The following is a tabulation of the material stock numbers and code 
letters for the samples illustrated in Figs. 4 through 8: 


Figure Material Code duPont Stock No. 
4 Rubber UE 846-14 
4 Neoprene UH 846-—N-1592 
4 Buna S UG 846B-27 
5 Buna S CB 1333B-2A 
6 Buna S CB 1333B-2A 
7f Buna § UG 846B-27 
8 Rubber UE 846-14 
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ABSTRACT AND CONCLUSIONS 


By employing torsional and shear vibrating crystals, viscous and shear 
waves can be set up in liquids. As discussed in a former paper (1), the 
loading such waves apply to the crystals provides a measurement of the 
viscosity and shear elasticity in liquids. Methods for cutting torsional 
crystals of ammonium dihydrogen phosphate (ADP) and quartz are dis- 
cussed. Calculations indicate that such crystals can generate high shearing 
rates in light liquids, and this technique may be of interest in determining 
the effects of high rates of shear on viscosity. Frequencies in the mega- 
cycle range can be covered by using thickness shear crystals covered with 
thin films of the liquid. 

The technique has been employed in measuring the properties of three 
liquids in detail. These are polyisobutylene, arochlor and silicone putty. 
The last two show shear elasticities in the crystalline range while the first 
one has a much lower shearing modulus than is obtained in crystalline 
materials. It is suggested that this low shearing modulus is connected 
with a combination rotation and translation which occur with different 
activation energies. 


I. Mernop or MEASUREMENT 


If we set a crystal vibrating in a purely torsional mode, all the motion 
is tangential to the surface, and, as discussed first by Stokes, highly at- 
tenuated viscous waves can be set up in a medium. The equations of 
propagation can be derived from the: definition of viscosity and the 
equation of motion 


lea Ge all i 
Oz 


PanS=a| te Waal Aeon” 
where 7’ and S are the shearing stress and strain, S the time rate of 


1 This paper was presented at the Annual Meeting of the Society of Rheology, New 
York City, October 31st-November Ist, 1947. 
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change of strain, 7 the coefficient of viscosity, ¢ the displacement velocity 
along the Z axis, & the displacement velocity along the X axis, and p the 
density. For a plane wave propagating along Z, all the motion is tan- 
gantial to the direction of propagation and ¢ = 0. Inserting the first 
equation of (1) (the definition of viscosity) in the second equation, the 
differential equation becomes 


o£ On 
»(F) =n (2) 


For simple harmonic motion, the plane viscous wave has the solution 


T = T, cosh Tz + £,Z, sinh Laz, 
— = £, cosh Tz + 7 sinh Tz, (3) 


where I’, the propagation constant, and Z,, the image impedance, have 
the values 


p= fe = Pa +a, Z. = Vjoen = Vxfon(l t+ 5), (4) 


where w = 27f where f is the frequency. For carbon tetrachloride, with 
a density p = 1.595 and a viscosity of 0.0098 poises, the attenuation is 
2660 nepers/cm. at 14 kilocycles, so that the shearing stress is appreciable 
for only a few thousandths of a centimeter from the crystal surface. Al- 
though the attenuation for such waves is too high to permit their wave 
propagation properties to be investigated, they do introduce a loading 
effect on the crystal which can be measured by the increase in the resonant 
resistance and the decrease of the resonant frequency of the crystal as it 
is changed from a vacuum to the medium under investigation. 

The use of such a crystal for measuring viscosities was discussed in a 
former paper (1), and it was there shown that the change in the measured 
electrical resistance ARg and the lowering in frequency Af determined the 
mechanical resistance Ry,/cm.? and the mechanical reactance X y/cm.? 
according to the formulae 


_Akze, » __ Af 
Ru = Ry? XY = K, 
where 
PA fee 
: 2rfrC ol 1 ? 
, i? Pulte Ri — R,A)/l 
Ky = +t )/ : (5) 


where 7 is the ratio of capacities of the erystal determined by measuring 
the resonance frequency fr, the antiresonance frequency fa, and setting 
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r = fr/2(fz — fa); Co is the static capacity of the crystal in farads; R the 
outside diameter and R, the inside diameter of the torsional crystal; 1 its 
length and J the moment of inertia, per unit length, given by the formula 


Viet 5 pe Bt — Ri); (6) 


where p, is the density of the crystal. 

The method for making a torsional crystal from ammonium dihydro- 
gen phosphate (ADP) is shown by Fig. 1. Here a crystal is cut with its 
length along the X crystallographic axis, and a hole is bored along this 
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Fig. 2. Method for obtaining torsional crystal of quartz. 
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axis. A cylinder is then turned as shown in Fig. 1B. Since the mode of 
motion generated is a face shear mode when the field is impressed along 
the Z crystallographic axis, a plating is made continuous on the inside 
cylindrical surface and is divided into two 90° segments on the outside 
surface, which are connected together electrically. The center lines of 
these two surfaces lie along the Z axis. As shown by Fig. 1C the field in 
one segment produces a face shear in one direction, while the field in the 
other segment produces a face shear in the other direction. The result is 
a torsional motion of the crystal as a whole. As shown by Fig. 2, a tor- 
sional vibration can also be produced in a quartz crystal, and such crys- 
tals may be of use, especially if wide temperature ranges are to be covered. 
This crystal uses a thickness shear and requires 4 evenly spaced electrodes 
to generate the motion. 

As discussed in the former paper (1), the viscosity of a number of light 
liquids was measured by using the experimental arrangement shown by 
Fig. 3. This consisted of an ADP crystal, suspended from the 3 wires at 
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Fia. 3. Experimental arrangement for measuring viscosities. 


its nodal points, mounted inside a container of small diameter. This con- 
tainer acts as a wave guide tube and tends to attenuate highly any com- 
plicated vibrations of the longitudinal type which can be set up in the 
tube. The result is that, if any such vibrations are set up by the fact that 
the motion of the crystal surface is not exactly tangential to the surface, 
the only effect that such waves have is to change the reactance loading 
on the crystal, and this is usually small. Measurements made of the 
loading due to nitrogen as a function of pressure, with the crystal inside 
and outside of wave guide tubes, have shown that the longitudinal loading 


is negligible, provided the diameter of the crystal is a tenth or less of 
the length. 
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The outside container of Fig. 3 has two copper to glass seals for the 
electrical wires to connect to the crystal. The chamber can be evacuated 
and filled with liquid through the two stop cocks. If desired, pressure can 
be put on the liquid by means of external gas pressure. The process of 
measurement consists in determining the resonant frequency fg, and the 
resistance at resonance R, in a vacuum. Then, introducing the liquid, the 
new resonant frequency fr, and the new resistance at resonance R, are 
determined. For liquids having a small viscosity, these values can be 
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Fia. 4. Curve of resistance and reactance of castor oil. 


determined accurately by measuring the current through the crystal when 
a low impedance was connected on either side. The resonant frequency 
occurred at the frequency for which the current was a maximum, and the 
resonant resistance was measured by a substitution method. However, 
for very viscous liquids, this procedure does not accurately locate the 
resonant frequency, and measurements of resistance and reactance were 
made with a bridge circuit. A curve of the resistance for polymerized 
castor oil is shown by Fig. 4. The resonant frequency is determined as the 
lowest point of the resistance curve, or more accurately, by taking the 
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average of two frequencies of equal resistance greater than the minimum, 
while the resistance used is the lowest value on the curve. 

As an example, an ADP crystal, vibrating at nearly 14,000 cycles, 
and having the dimensions 


L = 6.9 cm.; OD = 0.93 em.; ID = 0.64 cm., (7) 


had a resonant frequency of 13,948 cycles, an antiresonant frequency of 
14,098.5, and a resistance at resonance of 1300 ohms, all measured in a 
vacuum. ‘The capacity of the crystal was C. = 140 uyf. The density of 
ADP is 1.804. From these values the constants K, and K» can be calcu- 
lated as 

Kk, = 366; Ke oe 0.673. (8) 


At 24°C., measurements were made of the viscosity of a number of 
light liquids. For dimethyl phthalate, for example, the resonant resistance 
was 36,500 ohms. Hence, the viscosity, with the density p = 1.186, is 


2 1 5 
n= (se) x ae 0.178 poises. (9) 


This compares with 0.170 measured by flow methods, which agrees 
within 5%. This appears to be about the accuracy obtained, due princi- 
pally to the lack of a better temperature control. Measurements were 
made over a range of viscosities from 0.01 to 6 poises and these agreed 
with those measured by flow methods within a few per cent. 

However, measurements made with very viscous liquids, such as poly- 
merized castor oil, indicate that these liquids do not behave as simple 
viscous liquids since the reactance and resistance components are not 
equal, the resistance becoming progressively larger than the reactance 
at high frequencies. This is illustrated by Fig. 5, the points of which 
represent the resistance and reactance values measured for polymerized 
castor oil as a function of frequency. The dot-dash line shows the re- 
sistance and reactance terms that would be obtained if the liquid were a 
viscous medium having a density of 0.967 and the viscosity of 18 poises 
measured by flow methods. The resistance is above this line and the 
reactance below. 

; This divergence and the shape of the curve are accounted for if the 
liquid is assumed to have a shear elasticity as well as a shear viscosity. 
The impedance of such a wave is most easily calculated by means of an 
equivalent circuit in which the stress corresponds to the voltage and the 
particle velocity to the current. For a purely viscous medium, the equiva- 
lent circuit is shown by the left side of Fig. 5. The series arm is an in- 
ductance equal to the density times the length dx, where dz is a length 
in the order of the mean free path. The shunt arm is a resistance equal 
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to the viscosity » divided by the length dz. The equivalent circuit is 
valid for a cross-section of 1 cm.? This circuit is repeated indefinitely for 
an infinite medium, or it may be terminated after a finite number of 
repetitions if it represents a finite path length. The characteristic im- 
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Fria. 5. Mechanical resistive and reactive loading of castor oil 
as functions of frequency. 


pedance (impedance of an infinite line) and the propagation constant are 
given by the equations (2) 


AV on finde © = Vjwpn = Ae (i+ 9), 


Tn FL) 1c A FL) AE 1 dz, 
Jo = ee - apie 7 ( ee) 
where Z; is the series impedance and Z, the shunt impedance of the 
network. These equations agree with the same equations calculated from 
hydrodynamics, as shown by Eq. (4). 

The effect of a shear elasticity can be represented by shunting the 
viscous resistance »/dz by a compliance (inverse of a stiffness) equal to 
C,dx where C, is the modulus of compliance of the liquid. This network is 
the one shown by the right side of Fig. 5. Hence, at low frequencies, where 
the value of the resistance is much less than the reactance of the shunt 
compliance, the liquid behaves as a viscous liquid. On the other hand, 


Zo 


(10) 
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when the frequency is high enough, so that the reactance of the com- 
pliance C, equals the viscosity, a different reaction occurs. For very high 
frequencies it should be possible to transmit a shear wave in such a 
medium. The propagation constant I and the characteristic impedance 
Z. can be calculated by using the series and shunt impedances 


lis we rs lee) 
Z1 = jwpdx, Z2 = ( EEN IF UTES (11) 


From these we find Z, = Ry» + jXm, where 


Ry = (0 7eCs + Vain’? + wp? 
aes yh 201 + w'?C.7] i 
p nee [— one. + Vwintp?C2 + wPn*p? 
shin 2{1 + wn?C,? | : 
aS al w pO, + VateC? + wp?/n? 
SNe ee eee 
Bi a stent cee + Vatp?O? + wtp?/a? 
= 5 ; 


(12) 


(18) 


where Ry is the resistance/cm.?, X y the reactance/cm.2, A the attenua- 
tion of the wave in nepers/cm., and B the phase shift in radians/cm. 
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Fie. 6. Mechanical resistance and reactance of liquid having shear elasticity. 


Fig. 6 shows a plot of the resistance and reactance terms plotted as a 
function of the ratio of the frequency to the relaxation frequency f.. The 
resistance at low frequencies behaves like that for a viscous fluid, but at 
high frequencies it becomes asymptotic to the value Vp/C,. The reactance 
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equals the resistance for low frequencies. For high frequencies it ap- 
proaches zero. 
Solving Eq. (13) for the viscosity and the compliance, we find 


y = (eat + Xie)! _ (Ra? — Xa2)R- 
BREN ope (Rie + Xa)? 


Taking the value of Ry and Xy at 30,840 cycles, the value of » and C, 
for polymerized castor oil becomes 


n = 18 poises, C, = 7.95 X 10-8 cm.2/dyne. (15) 


C; (14) 


Assuming these values, the calculated values of resistance and reactance 
- are given by the full and dotted lines of Fig. 5. These agree well with the 
experimental values. 

Since a viscous wave penetrates only a small fraction of a centimeter 
before it is attenuated by many nepers, a thin film will produce saturation 
effects. Hence, this technique can be applied to measuring the viscosity 
of very small samples. The device might also be made into a continuous 
reading viscosimeter, since the crystal resistance and resonant frequency 
can be continuously measured and recorded. 

The question arises as to whether this type of device can be used to 
study viscosity and shear elasticity of liquids at very high rates of shear. 
In the discussion of the previous paper (1) it was shown that the shearing 
strain generated in a liquid S; adjacent to the torsional crystal was equal 
to the product of the maximum tangential displacement d, times the 
attenuation factor A, or 


S, = dA ="d, 2 (16) 


In terms of the crystal strain Sc, the maximum displacement (which 
occurs on the two ends of the crystal) is 


do = 5 Ser ' (17) 


where 1 is the total length of the crystal and Sc the maximum shearing 
strain. For crystalline material the maximum strain is around 10, al- 
though heavily etched crystals, for which surface cracks are removed, 
may be strained as high as 10~*. This is multiplied by a factor A which 
may amount to 500 nepers/cm. for light liquids, so that very high strains 
are possible in the liquid adjacent to the surface. However, it would 
require a very complicated differential equation solution to evaluate the 
effect of the strain, since it is going to vary along the length of the crystal 
and very rapidly for positions in the liquid some distance from the crystal. 
Also, heating effects may be important. So far, no attempt has been made 
to evaluate these features, and no experimental results have been obtained. 
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The frequency limit for torsionally vibrating crystals is probably 
around 500 kilocycles because of the small sizes of the cylinders that are 
required. The question arises as to whether thickness shear vibrating 
erystalsiof the A7 and BT type can be used to produce viscous and shear 
elastic waves in liquids. When the crystal is entirely surrounded by liquid 
it was found that the shear coupling to flexural modes produced so high 
a loading due. to longitudinal waves set up in the liquid that the shear 
loading could not be determined with certainty. However; by using the 
thin film technique it has been found possible to at least roughly measure 
the shear viscosity and elasticity of liquids that will wet the surface of 
the crystal. The film is so thin that it is only a small fraction of a wave 
length for longitudinal waves and hence acts as a mass loading without 
appreciable resistance. For a viscous wave, however, the wave length is 
so short that nearly complete saturation of the damping is obtained in 
less than 0.0001 cm. 

‘A few measurements have been made with a well dimensioned BT _ 
quartz crystal vibrating at 3527 kilocycles. The constants K,; and K, 
relating the resistance loading/em.? to the change ARz in electrical re- 
sistance, and the reactance loading to the change in frequency can be 
derived from Eq. (5) by letting R = R, + t where t is the crystal thickness 
and letting R, approach infinity. This would result in a shearing crystal 
of infinite radius (a flat crystal), and gives the formula 


© th soa ee 
Ki = saa K, = —-.———: 


2x fa C oped ’ Qrpet 


However, it is known from the study of crystal surface motions that ~ 
contoured crystals of these types do not have a uniform motion over 
the whole crystal surface, and hence one would expect these formulae 
to be only approximate. The BT crystal used. had the constants 1 = W 
= 12 mm.; t = 0.7 mm.; f, = 3,527,000 cycles; Af = 3,450; r = 510; 
C. = 5Suuf; resistance at resonance = 180 ohms; p, = 2.65. Inserting 
these values in Eq. (18) we find K, = 2.2; K, = — 0.85. Measurements 
with a number of light liquids into which the crystal had been dipped and 
the excess liquid had been shaken off agreed within 20% of their low 
frequency values if K, was taken as 0.83. The decrease in frequency was 
several times larger than could be accounted for by the viscous reactance, 
indicating that the mass loading of the flexure modes was also lowering 
the frequency. When a film of polymer B polyisobutylene (as discussed 
in the next section) was tried, the loading at 28°C. was 3200 mechanical 
ohms, indicating that the shear stiffness of about 12 x 10° dynes/cm.? 
still persisted up to 3 X 10° cycles. It appears that this method shows 
promise for extending the frequency range to higher frequencies than can 
be reached by torsional crystals. 


(18) 
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II. MEAsuREMENT oF SHEAR STIFFNESS AND VISCOSITY 
oF THREE LiquiIps 


As examples of the use of such methods in studying the properties of 
liquids, measurements have been made for 3 viscous liquids, all of which 
show shear elastic properties. These liquids are polyisobutylene, arochlor 
and silicone (bouncing) putty. The results for polyisobutylene for both 
shear and longitudinal waves are incorporated in another paper (2), and 
the results for shear waves are summarized here. Ordinarily, if a liquid 
behaved as a solid for high frequencies or low temperatures, one would 
expect to find stiffnesses in the order of 108-10!° dynes/cm.2, and indeed 
it is found that the liquids silicone putty and arochlor (pentachloro- 
diphenyl) do have stiffnesses in this region. However, polymerized castor 
oil and polyisobutylene (vistanex) described in this section have much 
lower shear stiffnesses in the order of 5 X 10®-5 X 107 dynes/cm.?, and 
this behavior is characteristic of such complex molecules as the polymers. 

Polyisobutylene is a polymer molecule that occurs in a long chain. It 
has the formula shown by Fig. 7A and the zigzag form shown by Fig. 7B. 


CH3 CH3 CHa CH3 CH3 CH3 


4 a : me al a 
a TN 
: | | CHo CHa CHa 
CH3 CH3, 


Fia. 7. Structure of polyisobutylene. 


This chain, in an ordered, stretched state, appears to rotate about the 
direction of its length once in every 9 pairs of CH; groups. Accordingly, 
nonplanar zigzag segments can be expected in the liquid state. The speci- 
mens used were designated A, B, C, and D which had, respectively,* 
average molecular weights of 903, 3520, 4550, and 5590. 

Measurements of the viscosity of these 4 samples were made by both 
the falling ball method and by the crystal method over a temperature 
range and are shown plotted as the log of the viscosity vs. the inverse 
temperature by Fig. 8. The two methods check within about 57, which 
_is probably the experimental error of the crystal method for a liquid with 
elasticity. All of these liquids have the same slope, which indicates, ac- 
cording to Eyring’s (3) theory, that the element which moves from one 
potential well to an adjacent one is a segment of the chain, 20 molecules 
or so, whose length is essentially independent of the total chain length. 
The densities of these liquids are shown by Fig. 9. 

Since both shear viscosity and stiffness are present, the method used 
for evaluating them is to determine the shape of the resistance curve as 
a function of frequency. The experimental arrangement is that shown by 
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Fira. 8. Viscosity and shear elasticity of polyisobutylene as 
function of temperature. 


Fig. 3. The measurements were made with a balanced electrical bridge, 
and data similar to those of Fig. 4 were used to evaluate the resistance 
loading. Measurements were made at the first, third, and fifth harmonics 
of the crystal. For the harmonics, the same values of K; hold as for the 
fundamental. Typical data for the resistance loading per square centi- 
meter in terms of the frequency and temperature are shown for the poly- 
mer “B” liquid of Fig. 10. To interpret these data in terms of shear vis- 
cosity and stiffness, use is made of the calculation of the resistance and 
reactance loading for a liquid having shear stiffness and viscosity given 
by Fig. 6. Comparing this with the data of Fig. 10, we see, for example, 
that at 0°C. the loading is nearly independent of frequency, which means 
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that the relaxation frequency is considerably below the lowest measuring 
frequency of 17.5 kilocyeles. The curves of 24°, 40°, and 50°C., however, 
show enough bending with frequency to allow one to fit them to the 
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Fig. 9. Density of polyisobutylene. 


LOADING IN MECHANICAL OHMS PER SQ, CM. 
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FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 10. Resistance loading of polyisobutylene as function of 
temperature and frequency. 


theoretical curve. From these data, one can find that the ratio of the lowest 
frequency (about 17.5 KC) to the relaxation frequency is given by the. 
second column of Table I, while the asymptotic value of the loading 
resistance at very high frequencies is given by the third column. Since 
the shear stiffness is related to the resistance loading at high frequencies 
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TABLE I 
Polyisobutylene ‘‘B”’ 


ee 


Temperature S/fe eg ieaaies Hayne | ena fp hee ee 

°C, mechanical ohms cycles poises 

) — 6100 42x 108 — —_ 

24 1.8 3500 14x 108 9700 230.0 

40 9 2650 8x 10° 19400 68.8 

50 6 2200 5.6 X 108 29200 30.5 

by the formula 

Ven=R or p= R*/p, (19) 


the shear stiffness is shown by the fourth column. The fifth column shows 
the calculated relaxation frequency, while the sixth column shows the 
shear viscosity 7 which can be calculated from the formula 


=> bad ° 
4 2rfe 


The values of viscosity measured by the crystal are shown plotted by the 
circles of Fig. 8 for all liquids and, as is evident, they agree with the 
values measured by the falling ball method within 5%, which is probably 
the accuracy of measurement by the present method. 
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Fig. 11. Resistance and reactance loading of arochlor. 


The values of shear stiffness measured for the 3 polymer liquids, B, 
C, and D, are shown.plotted by the dashed lines of Fig. 8. They lie nearly 


on straight lines of uniform slope when plotted as log pu vs. 1/ T, at least 
within the temperature range shown. 
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Two other measurements made on other liquids appear to be sig- 
nificant. Measurements were made for arochlor, which is a pentachloro- 
diphenyl having the structure shown by Fig. 11. At 24°C. it has a density 
of 1.535 and a viscosity of 150 poises. Over a frequency range the re- 
sistance and reactance values are shown by Fig. 11. The values cannot be 
fitted by a single relaxation time and indicate the presence of at least 
two relaxation times and a much lower compliance (high stiffness) of 
about 6 X 10~° cm.?/dyne. This stiffness approaches that of a crystal. In 
the former paper (1) by shear wave methods, the compliance of silicone 
putty was measured at 50,000 cycles and a room temperature of 25°C. 
This had a compliance of 1.35 X 10-° cm.?/dyne, which is a stiffness of 
nearly 10° dynes/cm.” and approaches that of a crystalline material. 


III. Discussion oF THE ORIGIN oF SHEAR ELASTICITY 
IN LIQUIDS 


The present study shows two different types of behavior in the shear 
stiffnesses of liquids. Polymer type liquids show a shear stiffness in the 
order of 10°-107 dynes/cm.? which persists up to frequencies in the mega- 
cycle range. Short chain liquids of high viscosity show a much higher 
stiffness in the order of 108-10 dynes/cm.?. The stiffness of both types 
decreases as the temperature is raised, contrary to what occurs in the 
‘kinetic theory,”’ for which an increase of stiffness occurs with an increase 
in temperature. 
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Fria. 12. Potential well distribution of ordinary liquid and for polymer. 


The conclusion is drawn in the paper on polymer stiffness (2) that 
the low stiffness was due to a composite motion of the chain, including 
translation and hindered rotation within chains. Such a motion would be 
affected by chain length, through a chain articulation effect. If sufficient 
time is given to establish equilibrium, the ‘‘kinetic theory” type of stiff- 
ness prevails for the polymer. For short times, equilibrium is not estab- 
lished, and the reaction depends on nearest neighbors and is of the type 
treated by free energy wells. Under these conditions the stiffness decreases 
as the temperature increases. 
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From a free energy peint of view, the action of the rotation and 
translation corresponds to the free energy well distribution shown by 
Fig. 12B. Most light liquids probably have a free energy well distribution 
shown by Fig. 12A. When a shearing stress is put on the liquid, one well 
is lowered compared to the other, and at low frequencies sufficient time 
is available so that heat energy causes a viscous flow in the direction of 
the stress. At very high frequencies there is not time for the direction of 
flow to be perturbed by the applied stress, and the only effect is a dis- 
placement of the equilibrium position, which results in a high shear 
stiffness of the crystalline type. For a polymer type, however, a combined 
rotation and translation is required for a viscous flow and hence the 
viscosity is controlled by the high free energy peak AU,. At frequencies 
high enough so that the combined motion cannot occur, a reversible rota- 
tion across the lower free energy peak AU- is still possible. Since the dis- 
placement 6, is much larger than that occurring in a single well, the 
stiffness is much lower, and shear stiffnesses in the order of 10° dynes/cm.? 
are obtainable. This stiffness will continue with increasing frequency until 
sufficient time is not available to perturb the rate of crossing AU», after 
which the single well type of stiffness will occur. From measurements of 
polyisobutylene, the low shear stiffness must hold up to at least 3 K 10° 
cycles, and AU2 must be less than half AU;. For arochlor, shown by 
Fig. 11, however, since both relaxation frequencies are not separated 
much in frequency AU, cannot be much larger than AUs2. | 
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INTRODUCTION 


The flow characteristics of high polymers subjected to shearing stresses 
are of considerable practical significance. Such properties are among the 
major factors determining optimum fabrication conditions and the time- 
temperature-load limits of applicability of fabricated objects. Recognition 
of the need for such information is evidenced by the multiplicity of 
“softening point tests,’ ‘‘flow tests,” “heat distortion tests,” et al., which 
have been proposed from time to time. The usefulness of these tests in 
industry is determined by how well they correlate with working experi- 
ence, and it must be admitted that few of them are suited to the obtaining 
of Dintamental rheological data on polymers. 

The deformation-time behavior of a polymer is, in general, complex, 
and account of this fact must be taken in designing experiments. Aside 
from ordinary elasticity, which we shall not consider, two principal modes 
of behavior are apparent. In the first, viscous flow, the deformation in- 
creases linearly with time under the action of a uniform shearing stress 
-and is nonrecoverable, that is, the deformation is permanent when the 
stress is removed. In the second type of behavior, the deformation ap- 
proaches a constant value as time increases under constant stress, and 
the deformation is completely recoverable in the sense of the limiting 
value of deformation as the time of recovery increases. This second mode 
of behavior has been termed variously rubberlike elasticity, high elasticity, 
and retarded elasticity. Under many conditions of temperature and stress, 
both mechanisms will contribute somewhat to the observed deformation, 
and it is customary, therefore, to classify high polymers generally as 
viscoelastic materials. Ideally, one would like to carry out experiments 
which isolate the two types of deformation, or which permit separation 
of the contributions of the two mechanisms. Failing this, or as a useful 
adjunct to the more direct approach, recourse may be had to various 
rheological models, or other methods of specifying viscoelastic behavior, 
as aids in analyzing observed deformation-load-time relationships (1,3,5). 

1 This paper was presented at the annual meeting of the Society of Rheology, New 
York City, October 31st-November Ist, 1947. 
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Let us consider viscous flow in a little more detail. In carrying out a 
hypothetical experiment we shall subject the test material to various 
shearing stresses (7), maintaining other conditions constant, and observe 
the corresponding rates of shear (D). The relationship 


Dies), (1) 


together with its dependence upon such parameters as temperature, de- 
fines the viscous behavior of the material. For many simple liquids the 
rate of shear is directly proportional to the shearing stress, 1.e., 


Tse (2) 


Such liquids are termed Newtonzan and the proportionality constant, 7, 
is known as the viscosity. It has been shown by Fox and Flory (10) that 
polystyrene is a Newtonian liquid within the temperature interval be- 
tween 125°C. and 217°C., at shearing stresses below 3 X 10% dynes/cm.?. 

In addition to the shearing stress, several other factors have been 
found to influence markedly the rate of shear of polystyrene. Temperature 
has been mentioned, its role has been reported by Weith, Turkington and 
Allen (24), Fox and Flory (10), Foote (9), Wiley (25), Nason (18), 
Scheele, Alfeis and Friedrich (19), and Jenckel and Ueberreiter (15). The 
molecular weight of the polymer is another important parameter whose 
effect has been observed by several of the above workers (10,15,18). 
Lastly, the rate of shear is dependent upon the amount of low molecular 
weight materials present (solvents or plasticizers), as was shown by 
Jenckel and Ueberreiter (15), Ferry (8), Scheele, Alfeis and Friedrich (19), 
and Spencer and Williams (21). Most of the work just cited was carried 
out under conditions in which Newtonian behavior was obtained. The 
influence of the variables listed was observed through the behavior of the 
viscosity, which (1) decreased with rising temperature, (2) increased with 
increasing molecular weight, and (3) decreased with increasing solvent 
concentration. 

Of the above factors the present paper is concerned principally with 
the effects of temperature and shearing stress. Foote (9) and Nason (18) 
have observed that, under high shearing stresses, molten polystyrene is 
non-Newtonian, that is, it does not obey the simple relationship of 
equation (2). Rather, the rate of shear increases with shearing stress more 
rapidly than would be expected from the direct proportionality. Both 
of these workers used capillary viscometers, which type of instrument is 
particularly suitable when high shearing stresses are desired. For the 
same reason a capillary viscometer was employed in the present work. 

For the case of capillary flow, Tobolsky, Powell and Eyring (22) have 
derived an expression analogous to Poiseuille’s law, based upon the rate 
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of shear-shearing stress relationship of Eyring (7). Their equation may 
be rewritten as 


him RiR 5. BRP 
o=5,, F (Sr), (3) 
where 
F(x) = Alte +2) cosh x — 2sinhz — =| 
o a S 


and Q is the volume velocity through any cross-section, R is the radius 
of the capillary, L its length, P the difference in pressure between ends of 
the capillary, yo is the limiting viscosity as the shearing stress approaches 
zero, and # is a lumped constant expressing the extent of deviation from - 
Newtonian behavior and containing the “viscous volume” and the abso- 
lute temperature. This equation was applied by its originators to the data 
of Dillon and Johnston (6) on the capillary flow of rubber, and it has been 
applied recently by Greenblatt and Fensom (12) to a variety of hetero- 
geneous systems. One of the purposes of the present paper is to discuss 
the adequacy of this relationship in describing the capillary flow of 
molten polystyrene. 


EXPERIMENTAL MetrHops 


The apparatus used was a duplicate of that described by Nason (18). 
The polymer sample was placed in a vertical chamber (1 in. internal diam.) 
immersed in an oil bath, and sufficient time allowed for it to come to the 

‘temperature of the bath. Then a nitrogen cylinder was connected to the 

top of the sample chamber and pressure applied, forcing the polymer 
through a vertical capillary coupled to the bottom of the chamber. A 
steel ball-bearing just fitting into the chamber rested on the polymer 
and prevented channeling by the nitrogen. The pressure was controlled 
by a Victor Gas-O-Dome Regulator and was measured by one of two 
calibrated gauges reading from 0 to 300 and 0 to 1500 lbs./in.?. The 
temperature was controlled to about 0.3°C. 


TABLE I 
Capillary Dimensions 


Identification Radius - Length 
no. (cm.) (cm.) 

1 0.0541 2.062 

4 0.1616 5.086 

7 0.0498 0.706 

8 0.0529 3201 


Four capillartes were used in the measurements, with dimensions as 
set forth in Table I. The only difficulty encountered in this regard was 
with capillary No. 4, the longest of the four, which protruded below the 
lower level of the oil bath. This permitted air cooling of the lower end 
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of the capillary with the result that viscosities determined with capillary 
No. 4 were appreciably higher than those obtained with the other three. 
For this reason the data corresponding to this capillary were not included 
in the discussion following. The same range of variables was covered with 
each capillary, within the limits imposed by the apparatus and practical 
extrusion rates. The temperature was varied from 165°C. to 253°C., and 
the shearing stress at the capillary wall from 0.2 X 10° to 36.5 X 10°. 
dyne/cm~™. 

The flow rates were determined by cutting off the section of filament 
extruded during a measured time interval, cooling, and weighing. This 
weight was then converted into a volume rate, using the specific volume 
data of Spencer and Boyer (20). Several determinations of the extrusion 
rate were made at each set of conditions and the results averaged. 

The flow orientation data were obtained by measuring the diameter 
of the filaments at room temperature and correcting to the extrusion 
temperature, using the expansion coefficients reported by Spencer and 
Boyer (20). The effective average relative length during flow through the 
capillary was computed from the formula 


:=(2) ‘ 


where d is the diameter of the extruded filament and dp is the diameter 
of the capillary. This procedure was based on the assumption that the 
volume was constant during orientation, 7.e., that Poisson’s ratio has a 
value of 0.5 for polystyrene. As long as measurements are restricted to 
the region of rubberlike behavior this assumption is probably a fair one, 
inasmuch as measurements on rubbers (14,23) have indicated a Poisson’s 
ratio of very nearly 0.5. In addition, Boyer and Spencer (2) have reported 
that the volume change of polystyrene upon stretching is very small. 
Several difficulties‘limit the range of conditions suitable to flow orien- 
tation measurements. At lower temperatures the longer relaxation time 
may not permit essentially complete recovery of the orientation during 
the brief period when the filament is still hot. Higher temperatures and/or 
low extrusion rates allow the filament to stretch under its own weight. 
These factors, plus uncertainties in the temperature correction, and the 
presence of surface roughness in some instances, render the flow orienta- 
tion measurements less reliable than the extrusion rate data. 
The polystyrene used in most of this work was the same polymer used 
in the volume-temperature-time studies reported by Spencer and Boyer 
(20). It was an unfractionated material having a weight-average (light 
scattering) molecular weight of 360,000. A few measurements were made 


also using another unfractionated polystyrene of weight-average molecu- 
lar weight 162,000. 


VISCOUS FLOW OF MOLTEN POLYSTYRENE 167 


THEORETICAL CONSIDERATIONS 


It is assumed that in simple shear the material being investigated is 
characterized by a relationship 


D = F(z), (1) 


where D is the rate of shear and r+ is the shearing stress. In the case of 
capillary flow the additional assumptions are made that (1) the flow is 
laminar, and (2) the pressure is uniform over a cross-section normal to 
the axis of the capillary. These lead to the relationships 


D = — adv/dr, (5) 
(1) = 297, (6) 


where »v is the velocity of flow at a distance r from the axis and g is the 
pressure gradient along the axis. From this it may be shown (4) that the 
volume velocity of flow through a cross-section is given by 


ae f "eR Ggr dr, (7) 


where Ft is the radius of the capillary. 

Having made observations of the dependence of the volume velocity 
Q on the pressure gradient g it is possible to determine the function of 
Eq. (1) from the relationship 


F(39R) = a ( 9 52 +30): (8) 


For our purposes this is more conveniently written in the form 
__ 4 (2 no 
nok (rs) = roe (BE) +3 (2), (9) 


where 7 is the limiting viscosity at zero shearing stress and r, is the 
shearing stress at the wall of the capillary. 

An analogous expression has been developed by the authors for the 
case of flow orientation. The variable considered is the relative length, 
a = L/L», where L is the stretched, and Lo the unstretched, length in 
the direction of the shearing stress. A function relating the relative length 
and the shearing stress is now assumed as 


a = E(z). (10) 


Inasmuch as the shearing stress varies over the cross-section in capillary 
flow, some sort of average relative length is determined by our measure- 
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ments. It is assumed that this is a volume average, thus 
R 
pe 5 i QarvB (3gr)dr. (11) 
0 


Having determined the dependence of both & and Q upon the pressure 
gradient, the elasticity function of Eq. (10) may be obtained from the 
relationship 


HGR) =o +4: S, a) 
where 
d& 
o=a@+i1/[3t+ (dy/dz) ] 7 
and 
y = log. Q, 
x.= log. g. 


Combining these, the following equation is obtained: 


dy dy 
Gi ease (os a dx __ | da 
: 2) (34 wy 34 Ww) | a 
dx dx 
slap ath cation Eee 


Ses 
2(3+ 2) i 
dx 


Details of the derivation will be found in the appendix at the end of this 
paper. 


DIscussION 
1. Flow 


The raw data are obtained in the form of corresponding values of the 
mass rate of extrusion and the applied pressure, at each temperature and 
for each capillary employed. These are readily converted into values of 
the volume velocity (cm.-sec.—') and the shearing stress at the capillary 
wall (dyne-cm.~*). Inasmuch as polystyrene is a Newtonian liquid under 
low shearing stresses, a region of some practical interest, it is desirable 
to be able to compute the Newtonian viscosity (limiting viscosity at zero 
shearing stress) from these data. In the region of Newtonian behavior 
Poiseuille’s law will be obeyed, from whence we can write 


ans 
Ang) Re (14) 
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The problem is now that of computing values of the right-hand quantity 
and extrapolating to obtain the value at zero shearing stress. It was found 


empirically that this extrapolation was facilitated by plotting log Rs 
TT. Tw 


against 7., in which manner straight lines were obtained, in most cases, 
up to about 7. = 9 X 10° dyne-cm~. The linearity of the plot made it 
an easy matter to determine the intercept at zero shearing stress, from 
whence the Newtonian viscosity could be calculated by Eq. (14). This 
type of plot is illustrated in Fig. 1, the data having been obtained at 
225°C., using capillary No. 8. 


Fic. 1. Method of plotting capillary flow rate data for extrapolation 
to zero shearing stress. 


All of the flow data were handled in this way and Newtonian viscosi- 
ties computed at each temperature, with results as listed in Table II. 
In Fig. 2 this information is presented in the usual fashion, with log no 
as ordinate and the reciprocal of the absolute temperature as abscissa. 
Fig. 2 also shows the Newtonian viscosities at 175°, 200° and 225°C. of 
a polystyrene of molecular weight 162,000, determined using capillary 
No. 8. It will be noted that neither curve is linear, both being convex 
toward the reciprocal temperature axis. This is in agreement with the 
observations of Fox and Flory (10), who reported a similar type of be- 
havior. They gave a value of the apparent activation energy at 217°C. 
of 22 kcal., which may be compared with a value of 22.9 kcal. at the same 
temperature, calculated from the upper curve of Fig. 2. However, their 
curve rises a little more rapidly than that of Fig. 2 as the temperature 
is lowered. 

Some interesting speculations as to the reasons for this curvature may 
be made on the basis of Eyring’s theory of the viscosity of liquids (11). 
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TABLE II 


Newtonian Viscosities of Polystyrene 
(Mol. wt. = 360,000) 


no Poises 
Temperature 

Capillary No. 1 ¥4 8 
eG 
165.0 9.26 x 106 = cl 
175.0 2.78 X.10® = 2.98 X 10° 
180.5 cae 3.84 & 10° = 
200.0 4.39 X 10° == 6.41 X 10° 
202.4 == 7.95 X 10° = 
219.7 — 3.38 X 10° — 
225.0 1.85 X 10° = 1.62 x 10° 
250.0 == 6.25 < 10% 5.21 X 104 
253.0 == 7.14 X 10! — 


Eyring has found that, in the case of small molecules, the activation 
energy of viscous flow is a certain fraction of the energy of vaporization. 
He has further suggested that, for polymers, the activation energy of 
viscous flow is the same fraction of the energy of vaporization per mole 


M.W.* 360,000 


M.W.*!162,000 


Fic. 2. Dependence of Newtonian viscosity (limiting viscosity as shearing stress 
approaches zero) of polystyrene upon temperature. 


of the kinetic segments which act as units in the flow process. It is well 
known that the energy of vaporization varies with temperature, and this 
effect is in the right direction to account for at least part of the curvature 
noted in Fig. 2 and in the work of Fox and Flory. However, preliminary 
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calculations would seem to indicate that this variation of the energy of 
vaporization cannot possibly give rise to the amount of curvature actually 
observed. This leads to the conclusion, if the Eyring picture of viscosity 
is maintained, that the segment length must be increasing as the tem- 
perature is lowered. Detailed analysis of this effect, however, must await 
publication of more extensive viscosity-temperature data. 

The Newtonian viscosities having been determined, the data were 
No 
ahr 
revealed the unexpected fact. that very nearly all of the effect of 
temperature upon flow rate was due to the temperature-dependence of 
the Newtonian viscosity. Thus, within the limits of experimental error, 
it was not possible to distinguish between curves obtained at 165°C. 
and at 250°C. All of the flow rate data obtained on the 360,000 
mol. wt. polystyrene, using capillaries 1, 7 and 8, are plotted in this 
manner in Fig. 3. It may be seen that the points are fitted reasonably well 


reduced to a common basis by plotting log against r. This procedure 


0 5 10 is 20 25 30 


Fic. 3. Dependence of the capillary flow rate of 360,000 molecular weight polystyrene 
upon the shearing stress at the capillary wall. This mode of representation essentially 
eliminates the effect of temperature. 


at the extremes by straight lines, with perhaps an intermediate curved 
region. The linearity of the upper portion of the curve is not as well 
defined as the lower, there being fewer data in this region. A certain 
amount of scatter is present, but no systematic trend away from the 
curve was noted, either with variations in temperature or capillary dimen- 
sions. The equation of the straight line in the lower shearing stress region is 


ca. = ().25¢3-087x10-8 (15) 
ahr 
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and that in the higher shearing stress region is 


no = 2 5el-07rx10-* (16) 


aR 
The question naturally arises at this point as to the effect of other 
variables known to influence the viscosity. That is, will changes in mo- 
lecular weight or solvent concentration alter only the Newtonian vis- 
cosity, or will they also change the curve of Fig. 3? The authors have as 
yet only a few data on the influence of solvent concentration, but a little 


can be said as to the effect of molecular weight. The flow data obtained 
with the 162,000 mol. wt. polystyrene are plotted in Fig. 4 in terms of 


Fig. 4. Dependence of the capillary flow rate of 162,000 molecular weight polystyrene 
upon the shearing stress at the capillary wall (circled points). The dotted line represents 
the curve of Fig. 3 (360,000 molecular weight polystyrene) for comparison. 


the same variables as Fig. 3, the curve of Fig. 3 being shown for com- 
parison. The agreement between the two polymers is good at low shearing 
stresses, with an indication that the point of departure from the straight 
line may have béen shifted to a lower value of shearing stress by the 
decrease in molecular weight. A few other data were obtained on poly- 
styrene fractions covering a wide range of molecular weights, but the 
only conclusion that can safely be reached at present is that, while 
molecular weight may possibly influence the curve of Fig. 3, the effect 
is probably not too large. 

Eq. (9) of the previous section was applied to the curve of Fig. 3 to 
give the relationship between rate of shear and shearing stress. This is 
shown in Fig. 5 as the solid curve. The circled points, which fit the curve 
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fairly well, were calculated from the following empirical equation, 
noD = +r + 7.404 & 10-1%73.268, (17) 


This function is suggested as a reasonably good approximation to the 
experimentally determined relationship. 


NEWTONIAN VISCOSITY (POISES) 
x RATE OF SHEAR (SEC.“') 


“SHEARING STRESS 
(DYNE-GM~) 


° 3 10 1s 20 25n109 


Fic. 5. Relationship between rate of shear and shearing stress for polystyrene in simple 
shear (solid line). The circled points correspond to values calculated from Eq. (17). 


2. Flow Orientation 


In capillary flow there is a gradient of shearing stress from zero at 
the axis to a maximum at the wall of the capillary. This gives rise to a 
force couple acting on each polymer molecule, tending to stretch it out 
and orient its long axis in the direction of flow. When the material emerges 
from the capillary the couple no longer acts and the elongated molecules 
contract to their normal configurations, resulting in a radial expansion of 
the filament. Thus the diameter of the extruded filament is greater than 
the diameter of the capillary, and this is taken as a measure of the average 
amount of orientation during flow, as indicated by Eq. (4). It is realized 
that this really only measures the elongation of the molecules and provides 
no information on their rotation during flow. 

The theory of rubber elasticity (13) predicts that Hooke’s law will be 
obeyed in shear, leading to the relationship 


r= G(a — 1/a), sa) 
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where a — 1/a is the shearing strain and G is the shearing modulus. This 
relationship was tested on our data, substituting the sheanag stress at 
the capillary wall for 7 and the average relative length & for a, and was 
found to describe the experimental relationship quite well. Rubber elas- 
ticity theory predicts, and experiments have confirmed, that the modulus 
is proportional to the absolute temperature. Our measurements showed 
no significant variation of the average shearing modulus with tempera- 
ture, but this is perhaps not too surprising when it is remembered that 
the temperature range covered extended over only 50°C., and that the ex- 
perimental uncertainties are relatively large. For these reasons all of the 
flow orientation data were lumped together and a single line drawn in to 
represent the average behavior over the interval between 175°C. and 
225°C. This is shown in Fig. 6. 
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Fic. 6. Relationship between average relative length, due to capillary flow orientation, 
and shearing stress at the capillary wall (360,000 molecular weight polystyrene). 


The curves of Figs. 3 and 6 were combined with Eq. (13) to give the 
elasticity function of Eq. (10). The shearing stress range covered was 
from 10° to 10° dyne-cm.~”, and the values obtained were in almost perfect 
agreement with Eq. (18), the theoretical relationship. The shearing 
modulus, G, was found to be 3.31 X 10° dyne-cm~. If Poisson’s ratio is 
0.5, Young’s modulus is 3 times the shearing modulus, giving a value of 
9.93 X 10° dyne-cm~?. Mark and Kuhn (17) have derived an expression 
for the modulus of the uncoiling of an isolated polymer molecule which 
would give a value of 7.65 X 10° dyne-cm.~? at 200°C. for our material. 
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It is interesting to note the rough agreement between this value and the 
experimentally determined one. 

In concluding, we wish to consider briefly the application of Eyring’s 
rate of shear-shearing stress relationship to our results. This may be 
written in the form 


Pe 3 sinh (Br), (19) 


where 8 = A , \is the distance traveled by the flow unit in one “jump,” 


and A is the effective cross-sectional area of the flow unit normal to the 
direction of flow. Since the right-hand side of this equation contains only 
a single constant, 8, its value may be computed at each point of the curve 
of Fig. 5. A few values are shown in Table III, where we see that B 
decreases markedly as the shearing stress increases. 


TABLE III 
Application of Eyring’s Equation to the Experimental Shearing Function 
T (dyne-cm.~) B (cm.?-dyne~!) Bra 
Tet 0° 15.5 XK 10% 17.4 X 10-6 
2 11.4 14.3 
3 9.60 13.5 
4 8.60 13.4 
5 7.84 13.6 
10 6.01 16.1 
15 4.57 17.0 
30 3.00 Pave)! 


Kauzmann and Eyring (16) have stated that even in cases in which 
flow orientation is an important factor the Eyring relationship should 
hold, except that the ‘‘constants” will be dependent upon the shearing 
stress. A qualitative picture of the reason for this behavior may be ar- 
rived at by considering the nature of the constant £. It is not unreasonable 
to imagine that, as the polymer molecules become elongated and oriented 
in the direction of flow, the cross-sectional area of the flow unit, per- 
pendicular to the direction of flow, will decrease. If it were assumed that 
this area would decrease, on the average, proportionately with the cross- 
sectional area of the filament, then 6-@ should be a constant. This 
quantity is shown in the last column of Table III, where it may be noted 
that it is, at least, more nearly constant than 8. The tendency seems to 
be for 6-& to remain relatively constant at low shearing stresses and to 
increase somewhat as the shearing stress is raised. This subsequent rise 
in the value of B-& might be attributed to an increase in \, the distance 
between equilibrium positions, as the molecules become relatively ex- 
tended. That is, as the flow units become elongated the distance between 
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jumps may also increase. This suggestion must be considered as highly 
speculative, however. To a rough approximation, the assumption of a 
decrease in the effective area of the flow units is sufficient to explain 
the facts. 

From this it might be concluded that the observed flow phenomena 
are in accord with the Eyring theory of viscosity, with the complication 
that the effective area of the flow units depends upon the amount of flow 
orientation present. However, this is perhaps not too useful a conclusion 
from the practical viewpoint. The introduction of flow orientation into 
the Eyring theory leads to equations for capillary flow which are exceed- 
ingly cumbersome, and the authors feel that the approach outlined in the 
present paper is more straightforward, 
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SUMMARY 


The non-Newtonian capillary flow of a polystyrene of molecular 
weight 360,000 has been:studied over a temperature range of from 165°C. 
to 250°C. and over a shearing stress range of from 0:2 X 10° to 30 x 105 
dyne-cm~*. The relationship between rate of shear and shearing stress — 
was determined and an empirical equfation suggested for it. The limiting 
value of the viscosity as the shearing stress approached zero was calcu- 
lated and its dependence upon temperature noted. It was observed that 
essentially all of the temperature dependence of the rate of shear-shearing 
stress relationship was due to the variation of the zero-shear viscosity 
with temperature. Molecular orientation during capillary flow was ob- 
served and a method was developed for determining the relationship 
between highly elastic shearing strain and shearing stress from measure- 
ments of flow orientation and flow rates. By this method the average 
value of the shearing modulus over the temperature interval between 
175°C. and 225°C. was found to be 3.31 X 105 dyne-cm-. The application 
of the Eyring theory of viscosity to the experimental observations was 
discussed. 


APPENDIX 
Deriwation of Eq. (13) 


Two assumptions are made initially: first, the existence of a function 
relating the relative length and the shearing stress, 


L 
a= 7 = E(t) = E(gr), (Al) 
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and second, that the relative length calculated from measurements of the 
“ballooning” of an extruded filament is the volume average. Thus 


et Z at la tiEGG\ar, (A2) 


where Q is the volume velocity through a cross-section of the capillary, 
R is the radius of the capillary, v is the velocity at a distance r from the 
central axis of the capillary, and g is the pressure gradient along the axis. 

Eq. (A2) is multiplied by Q and differentiated with respect to g, giving 


ae +oe =n for (Be 40S) ar (A3) 
0 
Eq. (A2) is also integrated by parts to give 
&Q = rlvEHr’ ]® — 3 ie: (BS E— aoe v =) dr. (A4) 


Under the assumption that there is no slipping at the wall of the capillary 
the first term on the right-hand side of Eq. (A4) vanishes, leaving 


aQ=—1 for r (Br + oF ) ar (A5) 


Multiplying Eq. (A3) by g and Eq. (A5) by 2 and adding gives, as a result, 


dQ 


ie 
ag 7, + Ogg, + 280 


Z dv ov dE oE 
=e (rl B(oR re) te (ose tae) |m Co 


Differentiation of Eq. (A1) shows tha} 


OH w OF... dk 
Dia gitt orae eo dey? (A7) 
which reduces (A6) to 
dO gy 8 4 200 = 2" [re (02 - 72) 
ag — dg + Qg dG + 2aQ = 29r 5 rE \ g ag to dr. (A8) 


If the relationship between rate of shear and shearing stress is de- 


fined as 
D = F(r) = F(3gr), (AQ) 


then 
R 
ise f F(4gr)dr. (A10) 


178 R. S. SPENCER AND R. E. DILLON 


F this 
rom this es i oF $ 
20 a ae (A11) 
0 
ro = — rF(3gr) 
giving ; 
OD on SY ei FG gna Al2 
059 7 5p 7 TE GGor) + [950 ar. (A12) 
It may be shown from (AQ) that 
OF OF 
= i Al3 
9 0g "Or? ( ) 
which converts Eq. (A12) to 
ov _ 2 _ org pee Al4 
g 3g hyegee rF(3gr) + f aes dr. ( ) 
Integrating the last term by parts reduces this té 
dv cee L = 
g ag Uae vi RF(3gR) — v. (A15) 


Eq. (A8) now becomes 


dQ 


~ R R 
a7, + Qg z + 2a4Q = 2rRF(3gR) il rEdr — an f rEvdr. (A16) 
0 0 


The last term is &Q, by Eq. (A2), thus 


~ R 
P (9% + 3Q ) say, a = 2RF(3gR) f rEdr. (A17) 
M 0 
Substituting Eq. (8) of the main body of the paper, this reduces to 
da 
Qg eS 2 R 
a& + dQ : ee a ridr. (A18) 
+ 3Q . 


Defining the left-hand expression as w, differentiating with respect to g, 
and multiplying by g, gives 


dw 20 Py Da, 
g ages ral rg 2g dr. (A19) 
Integration of the right-hand side of (A18) by parts leads to 


1 (2 0E 
a = EQgR) — 7 if 1 = ar. (A20) 
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The sum of (A20) and one-half of (A19) is 


dw ane OH dE 
i open = Ay(,i ———_ —_—- -— 
w+ 39 a E(agR) + ef r(g age Bip ) dr. (A21) 
and with Eq. (A7) this reduces to 


E(4gR) = w + 4g = (A22) 


Substitution of the full expression for w, together with the substitution 
y = log Q, x = log g, gives as the final result 


a inca dx? da 
2 dy dy ede 
(3+) eeae] 


+ 


E(zgk) = & + 


1 Pa 
dy\ dx? 
(+8) 
dx 
Note added Feb. 11, 1948: Dr. Spencer writes that, in connection with the following 


note of Dienes and Dexter, through oversight the point for 180°C. in Table IT was not. 
included in Fig. 2. 


(A23) 
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NOTES ON 
“THE VISCOUS FLOW OF MOLTEN POLYSTYRENE” 


By 


SPENCER AND DILLON ! 
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From the Development Laboratories of the Bakelite Corporation, 
Bound Brook, N. J. 
Received November 12, 1947 


Much of the published rheological data on polystyrene is characterized 
by the large deviation between results from different types of tests. It is, 
therefore, of interest to consider, in connection with Spencer’s and Dillon’s 
paper on the extrusion properties of polystyrene, the correlation between 
two rheological measurements which are quite different in nature. We 
had the welcome opportunity of carrying out parallel plate plastometer 
measurements on the same sample of polystyrene (M.W. by light 
scattering = 360,000) that Spencer and Dillon studied in detail. It is the 
purpose of this note to compare extrusion plastometer results with parallel 
plate plastometer viscosities. 

Parallel plate plastometer measurements were carried out according 
to the techniques and equations described in previous publications (1,2). 
Polystyrene was found to be a typical viscoelastic material and the abso- 
lute viscosity was calculated from the straight line portion of the normal- 
ized deformation—time curve. Most measurements were run for about 
an hour in order to ascertain that the linear portion had been reached. 
The absolute viscosities are to be compared with the values obtained by 
Spencer and Dillon by extrapolating to zero stress, 7.¢., no. This comparison 
is made in Fig. 1, where the viscosities are plotted in the usual log 7 vs. 
1/T fashion. 

Fig. 1 shows that, over the common temperature region, agreement 
is obtained between the two methods. The log 7 vs. 1/7' curve is definitely 
non-linear over the wide temperature range covered. Accordingly, the 
magnitude of the activation energy for viscous flow depends on the tem- 
perature region being considered. Spencer’s and Dillon’s data give 23 


1 Note given in connection with Spencer-Dillon paper, which was presented at the 
annual meeting of the Society of Rheology, New York City, October 31st-November 


Ist, 1947. 
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o PARALLEL ' PLATE PLASTOMETER 
MEASUREMENTS. 


© EXTRUSION PLASTOMETER 
MEASUREMENTS. 


VISCOSITY- », POISES 


/Tx10> 


Fic. 1. Correlation of viscosity measurements by extrusion plastometer 
(extrapolated to zero stress) and parallel plate plastometer. 
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Keal. over the temperature range covered by their measurements, while 
the value computed from parallel plate plastometer results, covering a 
lower temperature region, is 42 Keal. The excellent agreement shown 
over the common temperature region is gratifying for rheological measure- 
ments on such a complex viscoelastic material. 
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A DIFFUSION ANALYSIS OF REFINED 
LIGNIN SULFONIC ACID 
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From the Pulp Mills Research Project, University of Washington, Seattle, Washington 
Received January 16, 1948 


INTRODUCTION 


The conclusion reached from diffusion analysis of a fermented sulfite 
waste liquor was that the impurity found in largest amount consists of low 
molecular weight non-methoxyl-bearing sulfur compounds and some 
carbohydrate material (1). In this communication are given the results of 
diffusion analyses on lignin sulfonic acids obtained by a procedure designed 
to eliminate the non-ligneous material. 

The fractionation process shown in Fig. 1 and described in greater 
detail in the experimental part is a combination of the well-known mixed 
solvent-precipitation method and a liquid phase extraction process based 
upon the quinolinium salt precipitation methods of Freudenberg and 
Sohns (2) and of King, Brauns and Hibbert (8). 


EXPERIMENTAL 
Acetone Fractionation of Barium Lignin Sulfonate 


Crude ammonium lignin sulfonate (1), 90 g., in one liter of solution 
was concentrated to 300 ml. and de-ashed with a cation exchange resin. 
The acid of the solution was neutralized with approximately 0.4 equival- 
ent of barium hydroxide in a hot carbonate-free solution. The resulting 
solution, containing colloidally dispersed barium sulfate, was concen- 
trated to 450 ml. and 10 ml. was removed for analysis. The solution was 
found to contain 103.1,g. total solids. The barium salt solution was made 
30% in acetone by the addition of 200 ml. of acetone, which coagulated 
the suspended barium sulfate and precipitated a small portion of barium 
lignin sulfonate. The precipitate was removed by centrifuging, and the 
cake, after washing with 100 ml. of 30% aqueous acetone, was dried to 
give fraction Ba-I. 

The solution now had a volume of 572 ml. with a solvent consisting of 
23 parts of water and 10 parts of acetone. It was diluted with 758 ml. of 
acetone to give a solution containing 70% of the organic solvent. The 
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precipitate formed was separated by centrifuging and dried in the air to 
give fraction Ba-II. This is the principal barium lignin sulfonate fraction. 
The material remaining in the aqueous acetone solution, fraction Ba-III. 
was processed as described later. The material balance is given in Table I, 


Fractionation of Lignin Sulfonic Acid by Solvent 
Extraction of the Quinolinium Salt 


Barium lignin sulfonate (Ba-II), 65.2 g., was dissolved in the minimum 
quantity of water, about 200 ml., de-ashed with a cation exchange column 
and treated with 250 ml. of quinoline. The precipitate formed dissolved 
in the excess quinoline and a phase separation occurred on standing. The 
two layers were separated and the aqueous layer was made alkaline with 
250 ml. of concentrated ammonia. The solution was extracted 3 times 
with 300 ml. portions of ether to remove the quinoline. The aqueous 
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TABLE I 
Material Balance for Acetone Fractionation of Barium Lignin Sulfonate 


Fraction Weight MeO content Total MeO 
4 9. Per cent g. 

BaLS starting matl. 103.1 TAT 7.70 
Ba-I 13.4 3.20 0.43 
Ba-II 68.0 8.18 5.56 
Ba-III 30.1 Cedltl 2.14 
Aliquot 2.3 Cell 0.16 
Total 113.8 8.30 

111% 108% 


ammonia solution was evaporated to dryness at 45°C. to give the solid 
fraction Q-I. 

The quinoline solution of the quinolinium lignin sulfonate, which had 
a volume of 305 ml., was diluted by the addition of 295 ml. of quinoline 
followed by 257 ml. of diethyl ether. A viscous precipitate was formed 
which was allowed to settle over night. The supernatant quinoline solu- 
tion was decanted; the precipitate was washed with 100 ml. of a 30:70 
ether-quinoline solution, and the washings added to the mother liquor. 
The precipitate was extracted with aqueous ammonia to give a milky 
solution which was washed 3 times with ether to remove the quinoline. 
The ammoniacal solution was evaporated at 45°C. and dried to constant 
weight in vacuo to give the principal fraction Q-II. The ether-quinoline 
solution was extracted with concentrated aqueous ammonia until no 
more amber colored solute was removed from the ether-quinoline solution. 
This required nearly 3 liters of aqueous solution. After evaporation to 
dryness at 45°C. a solid was obtained, fraction Q-III. The material 
balances for the quinoline extraction step are given in Table II. 


TABLE II 


Material Balance for Quinolinium Salt Fractionation of Acids from 
Barium Lignin Sulfonate Insoluble in Aqueous Acetone 


Fraction Weight MeO content Total MeO 
g. ar ee g. 

Ba-IT 57.0 9.4 5.35 
Q-I 8.1 4.0 0.32 
Q-II 37.2 11.7 4.35 
Q-III 4.1 8.9 0.37 
Total 49.4 5.04 
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Fraction Ba-III, containing those barium salts and other substances 
soluble in 70% acetone, was carried through the quinolinium salt frac- 
tionation outlined above. The barium salt (Ba-III), 82 g., was dissolved 
in approximately 400 ml. of water and de-ashed with a cation exchange 
column. Quinoline, 350 ml., was added to the aqueous solution. The 
quinolinium salt solution in quinoline was separated from the aqueous 
phase and extracted with ammonia to give the ammonium lignin sul- 
fonate, fraction Q-V. The water-soluble fraction Q-IV was recovered by 
treatment with aqueous ammonia and removal of quinoline with ether. 
The material balances for this step are given in Table III. The discre- 
pancies in the methoxy] balance are considered to arise from the difficulty 
of completely drying the large amounts of hygroscopic material. 


TABLE III 


Material Balance for Quinolinium Salt Fractionation of Acids from 
Aqueous Acetone-Soluble Barium Lignin Sulfonate 


Fraction Weight MeO content Total MeO 
g. g- 
Ba-III 82 Ce 5.8 
Q-IV | 19.7 3.34 0.66 
Q-V 60.7 9.75 5.9 
80.4 6.56 


Determination of Diffusion Coefficients 


Diffusion coefficients were determined in sintered glass diffusion cells 
as described in detail in the previous communication (1). As before, the 
diffusion coefficients were calculated from the integrated form of Fick’s 
law: 


2.3038 V GC 
Dives ion: 
ORS ep aes 


Potassium chloride, 0.10 N, was used as the reference salt with an assumed 
integral diffusion coefficient of 1.631 cm.2/day as determined by McBain 
and Liu (4). 

The procedure used for determining the total solids diffused by simple 
solids determination as described in the previous paper was found to be 
In error, owing to the accumulation of an ash content during the course of 
the diffusion. The ash was identified as silica and a correction made for its 
presence in the solids determination. The ash contents were determined 
from the residues obtained after analysis for sulfur by dry combustion. 
The necessity of correcting for the ash content introduces an additional 
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source of error into the determination of diffusion coefficients based on 
the diffusion of total solids. The methoxyl determinations were made by 
the micro Zeisel method and the absorption coefficients were obtained by 
spectrophotometric measurements on the lignin sulfonic acid absorption 
band at 2800 A using a Beckmann quartz spectrophotometer. 

Viscosity measurements, upon which calculations of the shape factor 
are based, were made on fraction Q-II in a precision Ostwald viscometer. 
This Pyrex glass apparatus had a flow time of 486.5 seconds with 1 N 
ammonium acetate solution at 25°C., and during its construction and 
operation the precautions observed were some of those described by 
Jones and coworkers (5). 


RESULTS AND Discussion 


In Tables IV and V are given the diffusion coefficients obtained for the 
2 portions of lignin sulfonic acid obtained by acetone precipitation of the 
barium salts. It is apparent that the ammonium lignin sulfonate derived 
from the barium salt insoluble in acetone and representing the bulk of the 
ligneous material is the higher molecular weight fraction. 

Considering the high molecular weight fraction, a comparison of the 
diffusion coefficients! for the transport of total solids, methoxyl, and 
substances absorbing light at 2800 A shows an agreement well within the 
experimental error. A higher diffusion coefficient for the transfer of sulfur 
indicates the presence of some faster diffusing sulfur-containing material 
differing from the bulk of the lignin sulfonic acid. The fractional change in 
~ methoxy! content in the process of diffusion analysis indicates the residual 

material to have a slightly higher methoxyl content than the starting 
material. The converse is true in the case of the sulfur content, and the 
final material is found to contain less sulfur than was the case in the 
beginning. Of the multitude of explanations, one which appears logical is 
that the low molecular weight lignin sulfonic acids, some of which are 
probably present in this mixture, have higher sulfur contents and lower 
methoxy] contents than is the case with the high molecular weight acids. 

The diffusion coefficients for the low molecular weight material de- 
rived from the barium lignin sulfonate soluble in 70% aqueous acetone 
are given in Table V. The higher diffusion coefficients for sulfur-bearing 
components indicate that a substantial proportion of sulfur-containing 
substances has an average weight lower than the ligneous material. In 


1 Comparisons should be made between values for a given interval in each cell. It is 
not to be expected that average integral diffusion coefficients obtained on a highly poly- 
dispersed solute should agree when the determinations are made in cells with different 
cell constants and therefore at different rates of fractionation. In a given cell, and within 
a particular interval, diffusion coefficients for a series of parameters should agree if the 
diffusate is chemically homogeneous in respect to those parameters. 
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respect to methoxyl content and substances absorbing light at 2800 A, 
the diffusion coefficients are very nearly the same and there exists no 
basis for distinguishing any separate components. The diffusion co- 
efficients based on the transfer of total solids have values between those 


TABLE IV 
Diffusion Analysis of High Molecular Weight Fraction Q-IT 


Diffusion Coefficients Based on Total Solids Diffusing 
Cell 3: Vol. 185 ml.; K = 0.775 


Cumulative per- 


Time centage of solids Co Co ‘D 
diffused 
hours mg.|ml. mg./ml. cm.2/day 
O- 338 13.0 3.743 0.488 0.107 
338- 770 26.4 3.255 0.503 0.102 
770-1178 36.2 2.752 0.365 0.090 
1178-1802 47.0 2.387 0.405 0.079 
1802-2713 58.8 1.982 0.445 0.078 


Cell 4: Vol. 174 ml.; K = 0.623 


0O- 338 11.3 4.065 0.465 0.108 
338- 770 24.0 3.600 0.514 0.109 
770-1178 33.3 3.086 0.375 0.096 

1178-1802 43.8 2.711 0.433 0.086 
1802-2713 56.5 2.278 0.514 0.092 


Diffusion Coefficients Based on Transfer of Material 
Absorbing Light at 280 mz 
Cell 3: Vol. 185 ml.; K = 0.775 


Cumulative 


Time k Spect. ext. percentage E Cs: Co D 
diffused 
hours E E cm.?/day 
QO 338 14.5 13.2 53.2 7.05 0.108 
338- 770 13.9 26.4 46.2 7.00 0.100 
770-1178 14.7 36.4 39.2 5.36 0.093 
1178-1802 15.4 48.2 33.8 6.23 0.088 
1802-2713 14.0 59.8 27.6 6.23 0.079 


Cell 4: Vol. 174 ml.; K = 0.623 


Q- 338 14.8 11.3 60.3 6.87 0.107 
338- 770 13.7 23.1 53.4 7.04 0.099 
770-1178 15.5 32.8 46.4 5.83 0.090 

1178-1802 15.9 44.2 40.5 6.87 0.093 


1802-2713 . 13.7 55.8 33.7 7.04 0.083 
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TABLE IV—Continued 


Diffusion Coefficients of Methoxyl-Bearing Components 


Cell 3: Vol. 185 ml.; K = 0.775 
ce a a ee SE a a 1 


Cumulative 


Bier | Mahowtia | peeetaw) |. c, D 
diffused 
hours Per cent mg.[ml. mg./ml. cm.3 ‘day 
0- 338 11.8 12.9 0.448 0.058 0.105 
338-— 770 11.9 26.3 0.391 , 0.060 0.101 
770-1178 12731 36.1 0.331 0.044 0.092 
1178-1802 iP 47.0 0.286 0.049 0.080 
1802-2713 121 59.0 0.237 0.054 0.079 
Final 12.1 


Cell 4: Vol. 174. ml; K = 0.623 


0O- 338 11.8 11.2 0.492 0.055 0.105 
338— 770 11.9 23.8 0.437 0.062 0.107 
770-1178 v2.0 33.0 0.375 0.045 0.094 

1178-1802 12.5 43.8 0.331 0.054 0.089 
1802-2713 UNS 56.3 0.276 0.061 0.090 
Final 12.2 


Diffusion Coefficients of Sulfur-Bearing Components 
Cell 3: Vol. 185 ml.; K = 0.775 


Cumulative 


pe diftusaie | ,.Reroeptege | & ; 
hours Per cent mg.|/ml. mg./ml. cm.2/day 
O- 338 8.3 15.2 0.264 0.040 0.129 
338-— 770 7.25 29.2 0.223 0.037 0.109 
770-1178 7.95 40.2 0.187 0.029 0.109 
1178-1802 7.26 51.2 0.158 0.029 0.089 
1802-2713 6.6, 6.9 62.2 0.128 0.029 0.080 
Final 6.5, 6.8 


for methoxyl transfer and those for sulfur diffusion, as might be expected 
in a chemically inhomogeneous system. 

The average integral diffusion coefficients offer no basis for estimating 
a true molecular weight distribution. From an examination of the values 
obtained, however, certain qualitative conclusions can be drawn. For the 
low molecular weight fraction, the assumption that the molecules are 
spherical will introduce no error any greater than that already caused by 
the use of an average integral diffusion coefficient for calculating a 
molecular weight. The Stokes-Sutherland-Einstein (6) equation can 
therefore be applied directly to the calculation of molecular weight. Using 
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TABLE V 
Diffusion Analysis of Low Molecular Weight Fraction Q-V 


Diffusion Coefficients of Total Solids Diffusing 
Cell 3: Vol..185 ml.; K = 0.775 


Cumulative per- 


Time centage solids Co C2 D 
iffusing 
hours mg.|ml. mg.|ml. com.2/day 
166.3 15.9 5.676 0.900 0.27 
289.5 36.0 4.776 1.142 0.27 
305 50.4 3.634 0.818 0.23 
Final 2.816 


Diffusion Coefficients of Methoxyl-Bearing Components 
Cell 3: Vol. 185 ml.; K = 0.775 


Time ee ‘eteentane CG C: D 
hours Per cent mg.|ml. mg.|ml. cm.2/day 
166.3 8.7 14.2 0.5905 0.0840 0.23 
289.5 9.0 33.2 0.5065 0.1122 0.24 
305 9.5 47.8 0.3943 0.0862 0.23 
Final 10.5 0.3081 


Cell 4: Vol. 174 ml.; K = 0.623 


166.3 8.5 12.9 0.5927 0.0761 0.25 
289.5 9.2 31.4 0.5166 0.1096 0.27 
305 9.4 45.4 0.4070 0.0836 0.24 
Final 10.4 0.3234. 


Diffusion Coefficients of Substances Absorbing at 2800 A 
Cell 3: Vol. 185 ml.; K = 0.775 


Cumulative per- 


Time : k Spect. ext. Ce centage EH Co D 

- diffused 
hours E cm.2/day 
166.3 10.28 14.9 68.98 0.25 
289.5 13.00 33.8 58.70 0.24 
305 9.65 47.7 45.70 0.21 
Final 36.05 


a I 


Cell 4: Vol. 174 ml.; K = 0.623 


166.3 9.53 13.6 70.07 0.27 
289.5 12.26 Sl 60.54 0.25 
305 9.53 44.6 48.28 0.23 
Final 11.11 
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TABLE V—Continued 


Diffusion Coefficients of Sulfur-Bearing Components 
Cell 3: Vol. 185 ml.; K = 0.775 


- ‘ : Cumulative 
on dituceie | ,peteepiage | 2 ; 
hours Per cent mg./ml. mg./ml. cm.2/day 
166.3 8.08 18.2 0.4273 0.0778 0.30 
289.5 7.70 40.6 0.3495 0.0956 0.33 
305 7.44 56.5 0.2539 0.0674 0.30 
Final 6.36 0.1865 


the value taken from Table V for the diffusion of methoxyl-bearing com- 
ponents in the third interval, 0.24 cm.?/day, a molecular weight of 1500 
is obtained. The small degree of fractionation which appears to occur 
during successive intervals of diffusion with this low molecular weight 
material indicates that this ligneous material is rather uniform in molecu- 
lar size. Therefore, the molecular weight value calculated here is probably 
a satisfactory average value. Using an average integral diffusion coeffici- 
ent for the last interval for the diffusion of the higher molecular weight 
substances (D,y. = 0.080 cm.?/day), the molecular weight calculated by 
assuming a spherical particle is found to be very high, and some knowl- 
edge of the shape factor is necessary before even these little-applicable 
data can be used for calculation of apparent average molecular weights. 

Of the many methods proposed for estimating the shape factor for 
dissymmetric macromolecules, that developed by Polson from the Kuhn 
equation appears most suitable for use with the lignin sulfonic acids (7). 
The equation based upon relative viscosity measurements is: 


n/n = 1 + 4.0 + 0.0984 (b/a)? 


where G is the partial specific volume divided by 100; 6 and a are the 
major and minor axes, respectively, of the prolate spheroid assumed as 
the molecule. In Table VI are given the viscosity and density data upon 
which are based the use of the Polson equation for ammonium lignin 
sulfonate. Ammonium acetate solution was used as the solvent instead of 
ammonium carbonate because the ionic strengths of the two solutions 
were thought to be similar and ammonium acetate is much more stable. 
Because the viscosity data deviated from the Arrhenius equation it was 
necessary to determine the quantity In a at infinite dilution. This was 
done by transforming the Arrhenius equation to the form: 
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TABLE VI 


Viscosity and Density Data on Ammonium Lignin Sulfonate in 
1 N Ammonium Acetate Solution 


Vol.-%* NHsLS n|nob Inae Va — Vot 
6.73 1.420 0.0521 0.0462 
4.16 1.220 0.0475 0.0280 
3.32 1.166 0.0462 0.0218 
1.66 1.075 0.0435 
1.04 1.045 0.0423 


In a = 0.0405; partial specific volume, Vi; = 0.67. 
c=0 


« Weight of solute in 100 ml. of solution = C. 
> Relative viscosity. 


In7y — In 
gli oces aecaet 


4 Volume of solute in 1 ml. solution = volume of solution — volume of solvent. 


The linear relation between In a and the concentration was extrapolated 
to infinite dilution to obtain the value used for the application of the 
Polson equation. The shape factor calculated from these data is 4.6, and 
the frictional coefficient calculated by the use of this value in the Perrin 


equation (8), gives 7 = 1.22. The form of the Stokes-Sutherland-Ein- 


oO 


stein equation for a prolate spheroid (9) is: 


Wi = K (fo/)” where K = ein 


DV 1629? N? 


D = the diffusion coefficient, V = the partial specific volume, 7 = the 
viscosity of the solvent, N = Avogadro’s number, f./f = the frictional 
coefficient ratio. When D is in cm.?/day, K = 13.5. Using this equation, 
there is calculated for the last diffusion interval an apparent average 
molecular weight of 21,000. Considering that one-half the material has 
already diffused and that the diffusion coefficients are beginning to level 
off, this value is perhaps a reasonable average for the high molecular 
weight fraction. 

Apparent molecular weights calculated in this way certainly offer no 
basis for estimating a true molecular weight distribution. An apparent 
integral distribution curve and the differential distribution derived from 
it are artifacts produced by averaging the simultaneous diffusion of all 
the molecular species present. For that reason those curves are not re- 
produced here. It is obvious, however, that the distribution of molecular 
weights is very broad and that the lignin sulfonic acids used in this study 
consist of 2 fractions, each present in rather large amount, and widely 
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different in molecular weight. The apparent molecular weight distribution 
for the high molecular weight fraction and the course of the diffusion 
indicate that this fraction contains a rather large proportion of the low 
molecular weight material. This result is predicted by the thermo- 
dynamic theory of high polymer solutions for solvent fractionation of 
molecular species in a single step from a concentrated solution (10). It 
can be taken as evidence that separation by solvent precipitation should 
be applied with caution to molecular fractionation of lignin sulfonic acids. 


SUMMARY 


The ligneous material present in sulfite waste liquor is estimated to be 
composed of lignin sulfonic acids with rather uniform chemical composi- 
tion of which about 30-40% have molecular weights averaging 1,500— 
2,000, and 50-60% have an average molecular weight in the neighborhood 
of 20,000. 
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PORE VOLUME OF ELECTROLYTICALLY PRODUCED 
PROTECTIVE COATINGS ON ALUMINUM! 


K. Huber 
(Experimental Collaboration of A. Gaugler; Translation by J. J. Bikerman) 


From the Institute of Inorganic Chemistry, The University, Berne, Switzerland 
Recewed January 19, 1948 


It is well known that aluminum elecfrodes become coated with a 
protective film, consisting mainly of alumina, when placed in suitable 
baths and treated with alternating current or anodically with direct 
current. In the industry these films are produced on a large scale to 
prevent corrosion and seizing (Alumilite and Eloxal processes). Sulfuric 
acid is the chief electrolyte used, oxalic acid being a second choice. 


I 


The pore structure of these films is of great scientific and industrial 
interest. In isolated films the pore structure can be recognized with the 
unaided eye by looking through them at a suitable source of illumination. 
It appears more clearly as a fine silky shimmer on cross-sections of the 
film. Careful microscopic investigations were carried out by Rummel (1) 
and Baumann (2). Cross-sections of the film show that the pores run 
parallel to one another and normally to the plane of the film. The pores 
of coatings produced in oxalic acid are larger than those from sulfuric acid. 
Direct current produces larger pores than alternating current. Finally, 
the pore structure becomes coarser with increasing voltage, current den-- 
sity, and bath concentration. The diameter of even the largest pores 
reaches only a fraction of a micron. Thus, it is impossible to determine the 
dimensions of a pore using a light microscope as they are below the limit 
of resolution. However, Rummel succeeded in estimating the pore diam- 
eter. The distance between two pores in a definite film was approximately 
0.5 u. From this he calculated the number of pores to be 4 X 108/mm?. 
From the water adsorption of the film, which corresponded to a total pore 
volume of 4%, from the number of pores, and from the thickness of the 
layer, he computed the diameter of a single pore, assumed to be a cylinder 
with circular cross-section, to be about 0.1 u. A protective film was sepa- 

1 Sixth paper of the series On Chemistry aad Structure of Anodically Produced Pre- 
cipitates and Protective Coatings. For 5th paper see (8). 
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rated from the metal, soaked in electrolyte, and an electric current sent 
through it normally to the plane of the film. From the resistance offered 
to this current, the number of pores, and the conductivity of the elec- 
trolyte, he calculated the pore diameter to be 0.075 u. 


i 


The resolving power of the electron microscope would have been 
sufficient for a more exact analysis of the pore structure but another 
difficulty is encountered here. The electron beam is only able to pene- 
trate films 100-1000 times as thin as the films used in industry. 


Fic. 1. Magnification 28,000 x. Thin coating viewed normally to the plane of the 
coating. Preparation—Al, 99.99%, single crystal, ground along 110, electrolytically 
polished; M H;POs, 72 volts direct current, 2 min., room temperature. Loosening of the 
coating in perchloric acid bath for electrolytic polishing. 


_ Fischer and Kurz (3) avoided this difficulty by using sufficiently 
thin and transparent layers obtained by a very short electrolytic oxidation 
(for a fraction of a minute to a few minutes). They concluded from the 
variation of the voltage with time, at a constant current density, that 
films prepared in this manner have structural features essentially identical 
with those of thicker films. The excellent electron photomicrographs 
show, in agreement with the results obtained with a light microscope, 
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that oxalic acid baths give rise to larger pores than sulfuric acid baths but, 
contrary to the microscopic evidence, that alternating current produces 
larger pores than direct current. The diameter of the pores varies ac- 
cording to the conditions of formation of the layer from about 0.1 to 
0.02 ». From the photographs the volume of the pores can be calculated 
to be about 8% but the authors estimate it to be about 12%, as some 
pores may be tilted from the normal to the plane of the film. 

Our own experiments, conducted according to Fischer and Kurz, con- 
firmed the result that neighboring pores have similar dimensions. Fig. 1 
illustrates this. The coating was produced in phosphorous acid, which 


gt “ 

Fic. 2. Magnification 21,000 x. Thin coating viewed normally to the plane of the 
coating. Preparation—Al 99.99%, single crystal, ground along 100, etched with HF 
40%/HCI cone. (1:2); M H;POs, 72 volts direct current, 2 min., room temperature. 
Loosening of the coating in a bath for electrolytic polishing. 


yielded especially regular pore structures. The experiments confirmed also 
that the pores, as a rule, are spread at random and appear more crowded 
and lined up only along flaws of the metal support, such as scratches. The 
distribution of pores is affected also by the waviness which appears fol- 
lowing an unsuccessful electrolytic polishing. 

Experiments using single crystals of aluminum ground in definite 
directions proved that the crystallographic orientation of the metal 
support does not affect either the distribution or the dimensions of the 
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pores. This is clearly seen in Fig. 2 which represents a coating produced 
on an etched crystal and reveals the cubic etch pattern in addition to the 
pores. 

The coatings described thus far had a thickness roughly corresponding 
to the pore diameter. They may be compared to a sieve. They give no 
information on the character of pores in thicker coatings. Thicker coatings 
can be prepared for study by comminution, elimination of coarse particles 
by gravity separation, and spreading on foils. It is always possible to find 
fragments suitable for observation. Thicker coatings are relatively soft 


Fie. 3. Magnification 14,000 x. Fragment of a thicker film. Preparation—Al 
99.99%, rolled plate, electrolytically polished; M H2SOu,, 16 volts direct current, 8 hours, 
room temperature. 


at the outside (7.e., near the electrolyte) and harder at the inside (i.e., 
near the metal). This may be due to an attack by the electrolyte on the 
outer layers via the pores. Electron microscope pictures reveal this in the 
following manner. When the outer, then the middle, and finally the inner 
layers of a coating are scraped off and separately collected and set up, the 
fragments of the outer layer show a definite structure of pores and fibers 
(see Fig. 3), whereas the middle layer has only a trace of structure and the 
inner layer yields dense smithers having no visible structure. 

The fibers are bent as a result of the mechanical stress during the 
rupture of the coating. Pictures which are better in this respect: are 
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obtained by making a polystyrene replica of a rupture surface normal to 
the plane of the coating, evaporating silica onto this replica, and casting 
a gold shadow on it. Fig. 4 shows the separated replica. The strictly 
straight and parallel direction of the pores is striking. It corresponds to ~ 
the schematic outline given by Rummel (1). 

Summarizing, it may be stated that observations made with the light 
microscope and electron microscope yielded some information on the 
dimensions and the distribution of pores. However, the magnitude of the 


Fic. 4. Magnification 14,000 x. Replica of a rupture surface across a thicker film. 
Preparation—Al 99.99%, rolled plate, electrolytically polished; saturated oxalic acid, 72 
volts direct current, 8 days, room temperature. Film thickness 0.8 mm.! 


total pore volume remains uncertain. In addition to the values given by 
Rummel (4%) and by Fischer and Kurz (8 or 12%), Baumann’s deter- 
mination should be mentioned. Baumann’s value, obtained from weight, 
thickness and chemical composition, was about 30%. Above all, the 
relation between the degree of porosity and the thickness of the coating remains 
unknown. It is attempted in the following to reach a solution of this 
problem by a study of the coatings in polarized light. 


Ill 


Several earlier investigators proved that these coatings are doubly 
refracting. More detailed and more recent studies are those by Lacombe 
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(4). However, X-ray and electron diffraction photographs of the coatings 
reveal only weak lines of a highly dispersed cubic y-aluminum oxide (or 
y'-aluminum oxide). Chemical analysis shows that amorphous hydroxide 
and a hydroxy salt containing the anion of the electrolyte are present in 
the oxide (5). At any rate, the coating certainly consists of a material 
which is not doubly refracting. 

According to Wiener (6), a ‘mixed body,’’ consisting of parallel 
cylinders of an isotropic material penetrating through the whole thickness 
of another isotropic material, behaves optically as a uniaxial positive 
crystal if the structure elements are smaller than the wave length of light 
used. In particular, 


5150(m1? — 9)? 
2 ae — ; 6 6 — iE. 
Te al 5 a een 


The double refraction of the body, m — , depends on the volume 
fractions 6; and 6 of the components, and on their refractive indices 
n, and no. The equation shows, moreover, that the double refraction of the 
body is smaller the smaller the absolute value of the difference n: — nz, 
and becomes zero when 7 = nz. 

When a coating is embedded successively in liquids having different 
refractive indices and the value of the double refraction observed is 
plotted against the refractive index of the liquid, a curve is obtained which 
agrees with Wiener’s equation. This proves that the double refraction of 
the coating is due to the latter’s disperse structure, 7.e., is an instance of 
“form double refraction’’ (7). 

Electron photomicrographs, especially Figs. 1 and 4, show that the 
structure of the coatings corresponds pretty well with that of an’ideal 
“columnar mixed body,” the pores representing the cylinders (the 
“columns’’). (The coatings simulate the ideal behavior also in that they 
do not swell and are not affected by the imbibed liquid, at least as long as 
the experiment lasts. However, this is of no importance for the following 
because the coatings were studied dry, “embedded in air,”’ except when 
m, was determined.) Therefore, an attempted application of Wiener’s 
theory to the structure of the coatings appeared promising. 

The n values of the above equation must be determined by experiment 
to make the calculation of the volume fractions 6, and 52 possible. The 
refractive index, m, of the solid substance of the coating is given by the 
minimum of the above-mentioned curve for double refraction. It is about 
1.65. Since the double refraction becomes zero simultaneously for the 
outer and the inner layers of the coatings, the value of nm: cannot vary 
much with the thickness of the coatings. The index ns for the dry coating 
is that of air, 7.e., 1.00. The determination of the main refractive indices, 
n,and ny, of the mixture is less easy. The optics of the coatings must be 
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looked into more carefully. Coatings from oxalic acid baths may serve 
as an example. 

When observed normally to the plane of the layer, the double refrac- 
tion varies between zero and about 0.0025 according to the crystallo- 
graphic orientation of the grains of the underlying metal.? When observed 
parallel to the plane of the layer, the double refraction is considerably 
greater, and the variations of the wave having the higher refractive index 
occur normally to the plane of the layer. These observations can be ex- 
pressed in the language of crystal optics as follows. The indicatrix is an 
elongated ellipsoid of rotation or a triaxial ellipsoid which differs but little 
from an elongated ellipsoid of rotation. The long axis of the indicatrix 
(n. or n.) is always perpendicular to the plane of.the coating. When the 
direction of observation is parallel to this plane, the double refraction is 
not constant in a definite coating. It increases with the distance from the 
metal boundary; see the example shown in Fig. 5. 


Q05 aio Qnsy Min 


Fic. 5. Dependence of the double refraction observed parallel to the plane of the 
film on the distance from the metal support. Sodium light. Preparation of the film—Al 
99.99%, rolled plate, recrystallized,. electrolytically polished; 0.8 M oxalic acid, 48 volts 
direct current, 15.5 hours, room temperature. 


Note on the Determination of the Values Plotted in Fig. 5 


Isolated coatings usually break under mechanical stress almost exactly normally to 
the plane of the coating, that is, along the pores. Therefore, it is possible to prepare 
prismatic fragments whose “refracting edge” is perpendicular to this plane. The quality 
of the shape can readily be judged, using a binocular microscope. Fig. 6 represents such a 
fragment from above, 7.e., viewed normally to the plane of the coating, Fig. 7 shows the 
side view of the same fragment at the same magnification in the dry state. The photo- 
graph was made in sodium light between crossed nicols, and the photographs in polarized 
light were combinéd with one made in natural light to render the outline of the fragment 
visible. 

The upper part of Fig: 8 is an enlarged schematic copy of Fig. 7. It allows computation 
of the path differences at different spots of the fragments by counting the interference 
fringes. It: was proved by means of white light and Red I that the first visible fringe cor- 


2The coating is uniaxial on cube and octahedron faces of aluminum crystals and 
biaxial on all other faces. For details see (8). 
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responded to the first order. The lower part of Fig. 8 is a similar copy of Fig. 6. It allows 
measurement of the corresponding paths of light. The 4 series of points seen in Fig. 5 
belong to the 4 cross-sections marked on Fig. 8. 


Wiener’s equation contains the difference between the squares of the 
main refractive indices, as distinct from the difference between the indices 
which can be determined in the manner specified above. Therefore, the 
values of the main refractive indices must be known. 


Fic. 6. Prismatic fragment of a coating viewed normally to the plane 
of the film. For preparation of the coating see legend to Fig. 5. 


Fic. 7. Same fragment viewed from the side. “Embedding medium’’—air. Sodium 
light, crossed nicols. For preparation of the coating see legend to Fig. 5. 


The customary methods for determining the refractive index of a solid (use of re- 
fractometers, immersion method, and the Becke line test) are out of the question because 
they necessitate a contact between the sample and a liquid. This contact would affect 
the optical properties of the sample. The coatings are not uniform enough for an inter- 
ferometric measurement. 

A crude determination was achieved by a simple procedure. A beam of light was 
narrowed by a diaphragm and directed against the surface of a cross-section in such a 
manner that it was parallel to the plane of the coating but formed a definite angle with 
the normal to the cross-section. Since the coatings are somewhat turbid, the refracted 
ray could be followed for some length in the coating by means of a microscope. The angle 
of incidence and the angle of refraction yielded a medium value for the refractive index. 
Use of polarized light was deemed unnecessary since the error of these measurements’is of 
the same order of magnitude as the double refraction. The measurement yielded values 
between 1.4 and 1.5. The correct value presumably is nearer 1.5. This value was used for 


constructing the paths shown in Fig. 8 but, in this instance, even a considerable error 
would not be important. 


To take account of the uncertainty of the absolute value of the main 
refractive indices of the mixture, the pore volume was computed for both 
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Fic. 8. Enlarged copy of Figs. 6 and 7 for determining the 
path difference and direction of the ray. 


nN» = 1.4 and n, = 1.5. Consequently, the following values were used for 
calculation: 


n (refractive index of the solid part of the coating)..................... 1.65 
Ng (refractive index of the “embedding medium,” 7.e., air)............... 1.00 
m, (refractive index of the sample for the ordinary ray).................. 1.40 or 1.50 
Ne — NM (double refraction of the sample) near the metal side ............ 0.02 
N. — N, (double refraction of the sample) near the electrolyte side ........ 0.06 


The calculation yields 4.38% or 4.4% for the pore volume of the coating near 
the metal side and 15.5% or 16.9% near the electrolyte side. Clearly, these 
figures are confined within the range of the expected values. 


Note on the Calculation 


Solution of Wiener’s equation yields two roots. One is meaningful from the physico- 
chemical viewpoint, as the other would make the pore volume considerably larger than 
that of the solid. 

The results show that the uncertainty of the main refractive indices does not make the 
calculation procedure fruitless. 

Actually the computation is valid only for @ uniaxial coating. However, it may also 
be a good approximation otherwise since electron microscope study shows that the 
number and the diameter of pores depend but little on the crystallographic orientation 
- of the underlying metal. 
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SUMMARY 


Earlier microscope studies and electron photomicrograms taken by 
the author and other investigators show that protective oxide coatings 
produced electrolytically on aluminum have a structure closely similar to 
that of an ideal “columnar mixture” of Wiener. Therefore, an attempt is 
made to compute the pore volume, basing the computation on Wiener’s 
theory. Determinations of the necessary optical properties of the coatings 
have been reported. 

The calculation shows that the pore volume increases from the inner 
toward the outer layers of the coatings. In one case investigated, it was 
about 4% near the metal, and about 16% near the electrolyte side. 
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Iimpirical and semi-empirical equations expressing the setting time of 
a gel as functions of concentration or temperature have been presented by 
various investigators. The present paper presents an equation in which 
the variation of setting time with both concentration and temperature is 
represented in a single simple equation. The accuracy with which this 
relation fits the data for two widely differing types of gels suggests that 
the equation itself may be of some significance. 

Prakash and Dube (4) suggested the relation 


t = ac”, (1) 


where ¢ is the setting time, c the concentration of the disperse phase, and 
a and b are empirical constants. This equation is manifestly closely re- 
lated to the suggestion of Hurd and Letteron (2) that the gelation of gels 
of silicic acid in water) behaves kinetically like a chemical reaction of 
high order. The constant b is the effective order of the reaction. 

The effect of temperature on setting time is generally represented by 
an equation of the Arrhenius type: 


t= Ae-@R?, (2) 


where ¢ is the setting time, 7’ the absolute temperature, and A and Q are 
constants. Q is the activation energy of the process being described while 
A is related to the entropy difference between the activated and unacti- 
vated states. The precise significance of these quantities for a gelating 
system is somewhat obscure. 


The single equation 
{ac OFT, (3) 


is seen at once to have all the properties of (1) at constant temperature 
and of (2) at constant composition. The constant b of (1) has been re- 
placed by Q/RT; because in (3) the concentration c replaces the pure 
number e of relation (2), a cannot be simply related to A. 
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For test, it is convenient to write Eq. (3) in logarithmic form: 


log ¢ = log a — log (4) 
logc = = (log a — log t). (4a) 


From (4a) it is apparent that a plot of log c against T for equal time of set 
should give a straight line whose slope is R/Q(log a — log t). Figs. 1 and 
2 show such plots for the data of Prasad, Hattiangdi and Vishvanath (5) 


PoTASSIUM SOAPS 
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Fie. 1, Concentration-temperature relations for equal setting times for 
soap gels in pinene (Prasad, Hattiangdi and Vishvanath’s data (5)). 


on gelation of alkali soaps in pinene and of Hurd and Letteron (2) on 
silicic acid in water. 


Direct combination of Eqs. (1) and (2) leads to the relation 


l = (aA)! c?? e-@2RT (5) 

b 
log t = 4log aA — 5 los ce — Q/2RT, (5a) 
log. ¢.= ~Q/RTo +3 5 08 aA = = tog t (5b) 
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According to this relation, log ¢ should give a straight line when plotted 
against 1/7’. The same data as above were replotted to test Eq. (5b), and 
the non-linearity obtained shows that Eq. (3) is much the more accurate 
representation. 

The data on gelation of sodium oleate in pinene are sufficiently numer- 
ous to apply a more rigorous test of Eq. (3) based on form (4) by plotting 
log ¢ against (log c)/T, which should yield a straight line of slope Q/R 
and intercept (at ¢ = unity) equal to log a. The result is shown in Fig. 3, 
and is seen to be reasonably satisfactory. 


Fra. 2. Concentration-temperature relations for equal setting times 
for silicic acid gels (Hurd and Letteron’s data (2)). 


Eq. (3) constitutes a departure from the attempt to consider the 
gelation process as a simple agglomeration reaction of high order. For 
if Eq. (3) is interpreted in this fashion, the ‘‘order’ of the reaction 
becomes a function of temperature (Q/RT) and the “activation energy” 
(from a plot of log ¢ vs. 1/T) becomes a function of concentration Q log c. 
(Note that since the setting time of soap gels increases with rising tem- 
perature, the activation energy is opposite in sign to that of a normal 
chemical reaction. This has the possible interpretation that only molecules 
or physical aggregates having less than the average thermal energy are 
capable of adhering to each other to form a gel structure.) 

The sol-gel transformation is believed to involve numerous intermedi- 
ate states, the most significant of which are (i) the production of a suffici- 
ent number of colloidal particles of an adequate size, shape and degree of 
solvation by gradual growth of the particles initially present in the fresh 


210 GOPAL S. HATTIANGDI 


sol, and (ii) the knitting up of these colloidal entities into a more or less 
fibrous structure which envelops the entire dispersion medium. 

It is reasonable to suppose that the tendency to form secondary ag- 
gregates would decrease with increasing temperature, at least in systems 
(such as those, for example, discussed by Krishnamurthi (3)) where 
increasing temperature increases the solubility of the disperse phase, so 
that a high-temperature gel might be expected to have a less extended 
bridgework of aggregates holding it together. This picture constitutes a 
rationalization of the apparent decrease of reaction order with rising 
temperature, on the assumption that the rate-determining step in gelation 
is the rate of formation of secondary aggregates. 


Loge bs 


T 


Fic. 3. Relation between setting time (¢), concentration (c), and temperature (7’) for 
sodium oleate gels in pinene (Prasad, Hattiangdi and Vishvanath’s data (5)). 


It has been pointed out elsewhere (1) by the author that, when a hot 
solution of a soap in an organic solvent is cooled gradually, saturation of 
the system is caused by the reduction in solubility of the solute. From 
this stage onward, the saturated solution of the soap, and not the pure 
solvent, acts as the dispersion medium, and the soap micelles remain 
suspended in the system. For the formation of a true jelly or gel, it is 
necessary that these micelles should aggregate to form some sort of 
meshwork which may be determined, in part, by packing considerations. 
As temperature drops, the size of the primary particles remains somewhat 
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constant at first whereas the number increases, and further cooling results 
in the formation of larger secondary particles due to aggregation without 
substantial change in the number of primary particles. On these grounds 
it seems as though an increase in the magnitude of the apparent negative 
activation energy with increasing concentration is due to the fact that, 
with dropping temperature, a greater proportion of the particles fall 
below the critical velocity, essential for the formation of larger aggregates, 
in the concentrated systems than in the dilute ones. 

The fact that reaction order varies with temperature, and activation 
energy with concentration, leads to the suggestion that gels of equal time 
of set do not, in consequence, contain equal numbers of particles of equal 
degree of solvation, etc., but rather that the condition of equal setting time 
is a point of balance between the two factors, (i) concentration of primary 
colloidal particles, and (ii) extent of secondary aggregation. At low con- 
centrations. and temperatures, the second factor is dominant, while for 
the same setting time at high temperatures, decline of the secondary 
aggregation is compensated for by the increased concentration of primary 
particles at the higher concentrations. 
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SUMMARY 


An empirical equation of the form ¢ = ac~®/®? has been presented 
which represents the variation of the setting time (¢) of a gel with both 
concentration (c) and temperature (7). This functions as a modified type 
of Arrhenius’ equation at constant concentration, and expresses the 
kinetics of gelation at constant temperature. 

Plots of log tvs. (log c)/T yield a straight line, suggesting that reaction 
order varies with temperature, and activation energy with concentration. 

The condition of equal setting time, achieved. with increasing con- 
centrations at elevated temperatures, is possibly the point of balance 
between (a) the concentration of primary colloidal particles, and (b) the 
extent of secondary aggregation, the latter factor being dominant at low 

‘concentrations and temperatures, and the former at higher ones. 
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INTRODUCTION. 


The sorption isotherm for water on charcoal does not remain constant 
over long periods of time (1), but changes through chemical interaction 
which forms water gas. Isotherms for organic substances show very slight 
change after standing for periods up to 4 years (2). The previously re- 
ported experiments have now been standing in sealed systems for 19.5 
years. It seemed desirable to determine whether or not further shifting 
of the isotherm for water occurs; also to extend the observations on the 
equilibrium conditions of the organic vapors. 

Silica springs undergo stretching, or relaxation, in a heated atmosphere 
of water vapor at relatively high humidity (8,4,5,6,7,8). It therefore 
seemed desirable to determine whether or not the “‘apparent”’ equilibrium 
for organic substances was real or due to a coincidental equilibrium condi- 
tioned by spring slippage. This could be determined by a recalibration of 
the silica springs used in preparation of the original McBain-Bakr sorption 
balances. The springs now have been exposed to their respective vapors 
for 19.5 years. 

EXPERIMENTAL 


Details of preparation of the sorption balances and the purity of the 
materials used are given in previous communications (1,2). During the 
interim, since last measurements were made, the balances have been 
standing at room temperature. Temperature variations may have been 
as much as 20° during a single day with maximum extremes being between 
10 and 35°C. Before readings were made, the charcoal was allowed to 
stand at the temperature of the isotherm for 48 hours, or longer, for 
equilibrium to be reestablished. 

The usual method of plotting z/m against relative humidities is fol- 
lowed. The curves represent values previously reported (1,2). The plotted 
points represent the values after the 19.5 year period. Sorption values are 
given in open circles, desorption values in solid circles. The particular 
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Fig. 1. Carbon dichloride and carbon tetrachloride sorption isotherms. O = sorp- 
tion, 120°C.: e = desorption, 120°C. Plotted values are measurements after 19.5 years 
compared with previously established isotherm [curves as drawn ] (2). 


Pia 2. Butyric acid, chloroform, and toluene sorption isotherms. O = sorption, 
120°C.; @ = desorption, 120°C. Plotted values are measurements made after 19.5 years. 
Curves drawn are values previously reported (2). 
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experiment in the case of diethylamine has not previously been reported. 
Therefore, all the points are plotted (the 3 year values are plotted as 
parallelograms). All values reported represent equilibrium of at least 24 
hours duration except point No. 4, Fig. 3, which had been at the tempera- 
ture of the reading for 4.5 hours, readings constant over a 2 hour interval. 


DISCUSSION 


Figs. 1.and 2 show that certain organic compounds are strongly sorbed 
by charcoal and establish equilibrium rapidly. After sorption takes place, 


it is extremely difficult to completely remove last. traces except with 


a[>< 


iA ee 


Fia. 3. Sorption of water. © = sorption, 120°C.; @ = desorption, 120°C. ay. 
values obtained within 15 days after start of the experiment (1). “B” values obtained 
after a period of 15 months. Numbers adjacent to plotted values indicate the successive 
order of the determinations after 19.5 years. Seven readings were taken between N 0. 3 
and No. 4 over a period of 8 hours. No appreciable uptake of water was noted until a 
relative pressure of 0.85 was reached. 
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drastic evacuation. Upon clean surfaces, and in the absence of impurities, 
the isotherms do not show hysteresis. Neither the relative magnitude nor 
the form of the isotherm change over a period of 19.5 years. The activity 
of the charcoal has not been changed by the sorbed gases or vapors. The 
probability of reaction between that charcoal and the .vapors is small. 
The sorption is reversible, the greater portion of the sorption taking place 
at low relative pressure. 

Fig. 3 indicates that the sorption of water by charcoal completely 
breaks down in the course of time. This probably is due to interaction 
of the water with the charcoal according to the water gas reaction (1). 
Thus, the introduction of competing impurities would tend to alter the 


Fic. 4. Diethylamine, triethylamine and pyridine sorption isotherms. O = sorption 
120°C.; @ = desorption 120°C. Solid line curves represent previously reported values. 
The lower curve for diethylamine represents the short time experiment [not previously 
reported ]. O = 3 year values. 


form of the isotherm. The general shape of the final isotherm does indicate 
the presence of impurities. These could only have been introduced as a 
result of reaction between sorbent and sorbate since the system has been 
sealed in glass tubes. The values have not been corrected for spring 
slippage which probably has occurred. 

Diethylamine, triethylamine, and pyridine, over the 19 year period, 
show a slight increase in x/m values. In all of the experiments these 
substances are the only ones that show a clear cut case of increase in 
sorption. At high relative pressures condensation seems to be taking place, 
as shown by the rise in the sorption curve at p/p; above 0.9. 
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TABLE I 
Comparison. of Original Length of Silica Springs and Length 
After 20 Years Exposure to Vapors 


eee eg ee ee ee ee 
mm, mm. mm 
18 CCl,-2 CCl, 64.10 64.43 0.24° 
19 CCl.-1 CCl, 63.28 63.52 0.33 
23 C4Hs02-3 C.H;02 71.06 70.98 —0.08 
32 C2Cly-1 C.Cl, 89.84 90.50 0.66¢ 
76 H,O-2 H.0 55.08 55.99 0.91 


« These values were established before it was realized that exposure to air after 
standing in other vapors might cause any change in the length of the silica springs. 

» Four days after this measurement was made the spring was again measured, having 
stood at room temperature and exposed to air, and the spring had stretched an addi- 
tional 0.42 mm. making a total stretch of 0.66 mm. 

«See Table II. 


Table I gives a comparison of the stretching of the silica springs over 
the 19 year period. It will be noted that, in the case of the water balances, 
a small but positive slippage is indicated. In the case of the organic 
vapors, however, no appreciable stretching has occurred. Table II shows 
that, in the case of springs standing in tetrachloroethylene, no stretching 
has occurred. However, when the spring was removed for recalibration, 
it was exposed to moisture in the air, and stretching occurred so rapidly 
that calibration was difficult. This observation adds further evidence for 


TABLE II 


Stretch of Silica Spring No. 32 After Removal From Atmosphere 
of Carbon Dichloride and Exposure to Air 


Date Time disse erpnegd benaph of Stotch 
: hrs. mm. mm. 
3/22/28 = — 89.84 — 
7/15/47 pe 0 89.842 0 
8/7/47 1600 1.5 90.50 0.66 
8/7/47 1630 2 90.58 0.74 
8/8/47 0900 18.5 90.90 1.06 
8/8/47 2140 31 91.09 1.25 
8/10/47 ? 72+ 91.09 1.25 


« Value assumed since points on the isotherm at the temperature of calibration have 


not changed during the past 19.5 years. 
> An estimated value from time and dates in notebook. At the time it was not 


realized that anything peculiar was taking place and no exact record of the time was 
made. 
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the fact that charcoal, chabasite, and now silica, expand on adsorption. 
It might be postulated that the silica is rejecting the organic vapors and 
taking up water in a manner similar to that of silica gel (9,10). 


CONCLUSIONS 


1. Over a period of nearly 20 years, sorption increases slightly in the 
case of triethylamine, diethylamine, and pyridine. 

2. Carbon tetrachloride, carbon dichloride, toluene, butyric acid, and 
chloroform sorb on charcoal, reaching a saturation value within a short 
time which has not varied over the 20 year period. 

3. The sorption of water on charcoal completely breaks down due to 
reaction between adsorbent and adsorbate. The isotherm finally repre- 
sents sorption of a mixture. 

4. Stretching of silica springs in a closed system exposed to organic 
vapors takes place to a negligible extent, if at all. Springs exposed to 
water vapor stretch appreciably only when exposed at high relative 
pressure, and usually at somewhat elevated temperature. 

5. Silica springs, constant in length when exposed only to vapors of 
carbon tetrachloride and carbon dichloride, stretched rapidly when re- 
moved and exposed to air. 

6. At high values of p/p,, condensation takes place within the capil- 
laries. This causes a sudden rise in “‘sorption”’ values at p/p; above 0.95. 
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INTRODUCTION 


In a recent investigation (17) into the effects of boundary films on the 
rate of diffusion of alcohols across a benzene-water interface, experiments 
were carried out using films adsorbed from aqueous solutions of surface 
active materials such as sodium cetyl sulfate. For that particular pur- 
pose the slow aging of films of sodium cetyl sulfate at the interface proved 
undesirable, and a search was made for materials which would reach 
equilibrium more rapidly. Films adsorbed from solutions of aliphatic 
alcohols and acids in the benzene phase proved more satisfactory. Search 
in the literature provided very little information (3, 6, 14, 18, 23) on 
adsorbed films at benzene-water interfaces, so the scope of the investiga- 
tion was widened and the results of these experiments are presented in 
this paper. Here the distinction is drawn between films formed by adsorp- 
tion and by spreading. 

A very large body of work has been accumulated on the behavior of 
soluble and insoluble monomolecular films at air-water interfaces (1). 
For many years it has been recognized that orientation, reactions, and 
interactions occurring in films on water, may have an important bearing 
on phenomena in biological systems. Nevertheless, brief consideration 
shows that, of the various types of interfaces encountered in biological 
systems, air-water interfaces are relatively uncommon, and it appears 
much more probable that film behavior at oil-water and solid (protein)- 
water interfaces is of much more general importance. Yet this field 
is comparatively unexplored. It will be shown in this paper that too close 
analogies between behavior at air-water and oil-water interfaces are not 
necessarily valid; hence, there is considerable need for a more detailed 
study of oil-water systems. The techniques of investigating films in these 
systems present some difficulties, the chief being that most of the ma- 
terials which form insoluble films on water are oil-soluble. Danielli (9) 
found that films of fatty acid derivatives prepared by spreading dissolved 
rapidly at a chlorobenzene-water interface. Alexander (4) spread films 
of sodium cetyl sulfate at a benzene-water interface and obtained a 
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force-area curve for the film, but makes no mention of the instability of 
the system. The author was unable to maintain constant pressure for this 
film for periods greater than 1-2 min. owing to the solubility of the sodium 
cetyl sulfate in the water. Some materials, such as lecithin and cephalin 
(4, 8), are more stable but, in general, it is much more difficult to prepare 
and maintain films at an oil-water interface, and long term stability is 
essential in the study of film interactions (16). This imposes formidable 
difficulties, since, with insoluble films, the number of molecules n; in- 
jected into the film is known and any subsequent change in film properties 
may be interpreted in terms of changes in these n; molecules. If stable 
insoluble films cannot be prepared, and attention is restricted to adsorbed 
films, then the number of molecules in the film may only be determined 
indirectly by application of the Gibbs theorem. Since any accurate ap- 
plication of the theorem requires information. on the osmotic properties of 
the solutions, the number of measurements required is greater and the 
calculated values of the number of molecules in the adsorbed film are 
likely to be much less precise. Further, to study znteractions in adsorbed 
monolayers, it would be necessary to apply the Gibbs theorem to a sys- 
tem with more than 2 components, and the number of measurements 
required for a complete solution of the problem would be very large un- 
less some assumptions could be made to limit the number of variables — 
Experiments are planned to test the applicability of approximate equa- 
tions, but the results below are restricted to one solute species only. 


EXPERIMENTAL 


A number of methods were tested in studying the interfacial tensions - 
of the systems benzene (aliphatic alcohol)-water (17) and difficulty was 
encountered in reconciling the results of the various methods. 

The ring method (15) was of little use in systems containing methyl, 
ethyl, and propyl alcohols, as it was found that, on moving the ring 
through the interface, the ‘skin’ of liquid attached to the ring peeled 
off in an irreproducible manner instead of rupturing in the usual way. 
For alcohols with longer chain lengths this phenomenon was less marked, 
but frequent irreproducibility attested to the lability of the contact 
angle and the method was discontinued. 

The drop-volume method (13) gave reproducible values for these 
systems when due attention was paid to the time of formation of the drop. 
Using Gaddum’s (1) modification of the method, involving a micrometer 
syringe, and forming the last 5% of the drop during periods greater than 
2 minutes, reproducible values in agreement (+0.2 dyne/cm.) with the 
sessile drop method (below) were obtained. However, in those cases in 
which aging occurred, notably when water-soluble detergents such as 
sodium cetyl sulfate were used, irreproducible results were obtained. 
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The pendant-drop method (5) yielded results which were reproducible 
for each tip used, but the results for various sizes of tip were inconsistent 
with one another. For example, using tips of diameter 2 mm. and 5 mm., 
values for the interfacial tension of benzene-water of 34.5 dynes/cm. and 
32.3 dynes/cm., respectively, were obtained. Such variations with pure 
liquids were not obtained using any of the other methods and it is difficult 
to understand why they should occur here since no such variations are 
explicit in the accounts of the method. Aging of drops was a serious 
problem with this method. It is difficult to estimate the amount of liquid 
which can be expressed into the drop so that a drop of suitable shape shall 
remain after aging. In many cases it was found that, after standing for 
3 or 4 hours, the interfacial tension had decreased so much that the orig- 
inal volume of liquid could no longer be supported and the drop fell off. 

The sessile bubble method (2, 7, 11) has proved by far the most 
convenient and reliable method whether aging occurred or not. The 
method has been fully described in the literature, but there are a few 
points worthy of mention. The measurements involved are (1) the maxi- 
mum diameter 2r of the “bubble” and (2) the height h from the maximum 
diameter to the tip of the “‘bubble.”’ In general we have 


y = f(h-r- prps,) 


where p: and pz are the densities of the two phases. For the so-called large 
bubble the approximate theory gives (24) 


y = 3h’g-(pi — p2)/(1 + 0.609 h/r). 


In measuring the surface tension of common liquids (p1 — pz) ~ 1.0 and 
a large bubble is one with a diamter > ca. 5 cm. In measuring interfacial 
tensions (p1 — p2) ~ 0.1 to 0.3 and a large bubble to which the above 
equation applies has a diameter greater than 10-15 cm. Hence, for prac- 
tical purposes it is preferable to use a small bubble with diameter 2-3 cm. 


SOLUTION 


WATER 


Fic. 1. Apparatus for forming sessile bubbles (schematic). 
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and to apply the correction terms of Porter (19) founded on Bashforth 
and Adam’s tables. By choosing bubbles of such a size that h/r ~ 0.5 it 
is possible to work in the region where the correction terms are known 
very accurately. The advantage of the method over the pendant drop is 
that, if aging occurs, portions of the bubble, formed from the less dense 
liquid, break away from the bubble in such a way that the bubble remain- 
ing still has a shape suitable for measurement. By the use of flanged tubes 
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Fic. 2. Interfacial tension of solutions of primary alcohols as a function 
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Fic. 4. Interfacial tension of solutions of primary alcohols as a function 
of the freezing point depression. 


INTERFACIAL TENSION j, DYNES/CM 
h\ 
oO 


4 


| 2 5} 
FREEZING POINT DEPRESSION 6 


Fic. 5. Interfacial tension of solutions of fatty acids as a function 
of freezing point depression. 


on which to form the bubbles this rupture of the bubble could readily be 
overcome. 

The apparatus used is shown in Fig. 1. It consisted of an optical cell 
8 < 6 X 4m. with fused Pyrex walls, various Pyrex tubes with ground 
ends, and a traveling microscope reading to 0.001 cm. The position of the 
tip of the bubble was readily observed by viewing against a light back- 
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ground and the position of the maximum diameter located by means of 
the astigmatic image formed by reflection in the bubble of a small lamp 
at a distance of about 2 feet (7). At this stage no attempt was made to 
thermostat the apparatus as the room temperature remained at 231°C. 
during the course of the experiments. However, as will appear later, to 
carry out detailed analysis of the results, greater precision is required and 
this will necessitate thermostating in future work. 
Results were calculated as follows: 


Y = Bg(p1 — p2), 

where 

fame eg , 

7a a (correction factor) 
and values of 6?/r? corresponding to the measured quantities h?/r? are 
obtained from Porter’s (19) tables. p2 the density of the solution of alcohol 
or a¢id in benzene was measured at the temperature of each experiment 
by means of a pycnometer of ca. 25 ml. capacity. Using materials of 
chain lengths of 6 carbons or more, the solubility of the surface active 
material in water was assumed to be zero and the density taken as that 
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Fic. 6. Freezing point curve for solutions of primary alcohols in benzene. 
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Fic. 7. Freezing point curve for solutions of fatty acids in benzene. 


of pure water at the appropriate temperature. Harkins’ (14) data on the 
density of solutions of butyric acid in water indicate that the error in- 
volved thereby is small. 

For benzene-conductivity water a value of 35.1 + 0.1 dyne/em. was 
obtained. This order of accuracy is as good as may be expected in the 
absence of careful temperature control. With the solutions of alcohols and 
acids the reproducibility was of the order +0.2 dyne/cm. It was at first: 
thought that such variations might be due to faulty cleaning, but, as the 
variations were regularly encountered, it is more likely that they were 
due to adventitious changes in contact angle, for, although the method is 
theoretically independent of contact angle, this is only true when varia- 
tions from point to point are insufficient to distort the bubble from a 
figure of revolution about the vertical axis. 

The solutions of alcohols and acids used were of such cr arent 
that the approximate form of the Gibbs equation 

“ed OY 

~ RT dlogC 
could not be used, and data on the activity coefficient of the solute were 
required. Freezing point data for the solutions were obtained by the 
standard Beckmann method using 25 ml. of solution. 
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TABLE I 


Interfacial Tension of Butyric Acid Solutions Against Water (Harkins) 


ing pt.| Interfacial Area / 
Bos of ani depression ension | 22 ro), raat call sre” bats oT 
P ay 
dynes /cm. in A2 | dynes/cm. 
0.218 7A: 0.529 3.87 3.03 5.26 31.4 PT 
0.148 5.43 11.0 0.813 3.72 HLL 4.28 38.5 24.1 
0.100 3.73 14.2 1.19 3.47 3.13 3.90 42.3 20.9 
0.0791 2.87 15.4 1.54 3.50 3.21 3.80 43.5 19.7 
0.0354 1.23 19.4 3.59 3.48 3.36 3.63 45.4 15.7 
0.0233 0.83 21.8 5.31 3.36 3.28 3.44 48.0 13.3 
0.0164 0.59 22.95 TAL 3.23 317 3.28 50.3 21 
0.0088 0.33 25.0 13.51 3.13 3.10 3.16 52.2 10.1 
0.0045 0.20 28.0 22.22 2.63 2.62 21 62.2 ten 
TABLE II 
Interfacial Tension of n-Caproic Acid Solutions Against Water 
Mole frac- | Freezing pt.| Interfacial a i Area / Surf 
tion ¥ acid orem ee =a r,) r,“) r,™ mies presse 
dynes/cm. in A2 dynes /cm. 
0.157 5.74 16.7 0.558 2.49 2.11 3.33 49.6 18.4 
0.126 3.98 17.8 0.806 2.45 2.20 2.97 55.5 17.3 
0.0701 2.62 19.1 1,22 2.43 2.26 2.77 59.6 16.0 
0.0344 1.24 23.1 2.59 2.43 2.34 2.60 63.5 12.0 
0.0123 0.49 26.7 6.58 2.15 2.13 2.23 74.0 8.4 
TABLE III 
Interfacial Tension of n-Caprylic Acid Solutions Against Water 
“Mole frac- | Freezi t.| Interfacial 
aon of acid depression “tension on r,) r) Bema ieee hat 
dynes /cm. in A2 dynes/cm. 
0.358 17.052 14.9 0.169 2.49 1.60 4.37 37.9 20.2 
0.228 10.73 17.2 0.272 2.10 1.62 3.34 49.4 17.9 
0.122 4.71 19.3 0.609 2:23 1.96 2.87 57.6 15.8 
0.0893 3.23 20.9 0.885 2.28 2.07 2.67 61.9 14.2 
0.0584 2.040 22.0 1.389 2.27 2.14 2.48 66.4 13,1 
0.0285 1.002 24.0 2.832 2.18 2.12 2.32 70.7 ney 
0.0094 0.353 27.0 8.196 2.04 1.86 1.92 85.8 8.1 


* Taken from Giaccalone. 
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TABLE IV 


Interfacial Tension of n-Capric Acid Solutions Against Water 
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Mole frac- i 3 i 
fos ee dea Sk Sa al eae oni r,) rr.) r.™ gree / Surface 
g r y 00 pressure 
dynes/cm. in A2 dynes /cm. 
0.104 3.61 18.4 0.909 | - 2.72 2.51 3.47 47.5 16.7 
_ 0.088 3.23 19.7 1.101 2.78 2.55 3.23 51.0 15.4 
0.0435 1.51 21.8 2.352 2.82 2.69 3.02 54.5 13.3 
0.0412 1.44 22.8 2.469 2.77 2.67 2.97 55.5 12.3 
0.0211 0.72 25.3 4.926 | 2.77 2.73 2.89 57.0 9.8 
0.00697 0.27 29.5 14.18 2.62 2.60 2.61 63.2 5.6 
TABLE V 
Interfacial Tension of Lauric Acid Solutions Against Water 
Mole frac- | Freezing pt.| Interfacial 
tion of acid | depression | tension | 2% | ro | rym |r | tole | Surface 
8 y 
dynes /cm. < in A? dynes en) 
0.0906 3.27 21.7 0.794 2.08 1.89 2.58 64.0 13.4 
0.0600 2.09 22.7 1.242 2.09 1.96 2.39 69.1 12.4 
0.0287 0.98 24.4 2.659 2.07 2.01 2.23 74.0 10.7 
0.0104 0.25 28.3 5.681 1.57 1.56 1.64 101.0 6.8 
TABLE VI 
Interfacial Tension of n-Hexanol Solutions Against Water 
eer) Tener erie) ar bop ns|. tye. | onto] Aiahh | Butane 
A t) Y 00 pressure 
eras. (oe x in Az dynes /cm. 
0.151 3.76 12.0 1.499 7.00 5.95 7.19 22.9 23.1 
0.0733 2.31 14.6 3.194 6.65 6.16 6.71 24.4 20.5 
0.0364 1.52 18.2 5.617 5.48 5.39 5.76 28.7 16.9 
0.0119 0.73 23.6 8.928 2.83 2.79 2.89 57.0 6.1 
TABLE VII 
Interfacial Tension of n-Octanol Solutions Against Water 
is ? i i A 
Be cra depression leon a ro | ra | 0 | gmolel SSA 
6 ey, 
dynes/cm. ; in A2 dynes/cm. 
0.123 3.281 15.1 2.032 7.48 6.56 7.52 21.5 20.0 
0.0904 2.628 15.7 2.610 6.83 6.22 6.93 23.8 19.4 
0.0589 1.946 18.0 3.521 5.78 5.44 6.24 26.4 iia 
0.0282 1.261 21.1 5.4384 | 5.07 4.90 5.30 31.1 14.0 
0.00968 0.597 26.5 11.49 2.95 2.92 3.04 55.0 8.6 


/ 
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TABLE VIII 


Interfacial Tension of n-Decanol Solutions Against Water 


Mole frac- | Freezing pt.| Interfacial ai ae Area/ Surhiee 
hen of aie: dens ouaon tension oy r,{) rr.) r,.) eer pressure 
Ns () Y t 
dynes/cm. iv in A2 dynes /cm. 
0.102 2.823 16.0 2.427 7.25 6.50 7.37 22.4 19.1 


0.0756 2.255 17.4 3.048 | 6.56 6.06 6.78 24.3 17.7 
0.0491 1.710 20.2 4.010 | 5.45 5.18 5.57 29.7 14.9 
0.0238 1.096 22.0 6.289 | 4.03 3.94 4.12 40.1 13.1 
0.00764 0.54 27.2 12.66 | 2.56 2.54 2.59 63.7 7.9 


TABLE IX 


Interfacial Tension of Laurol Solutions Against Water 


Mole frac- | Freezing pt.| Interfacial F Area / 
tion Ka alc. Cains Sia pe — r,® rr.) 1,4) dary ca 
dynes /cm. in A2 dynes /cm. 
0.0899 2.58 17.5 2.380 6.19 5.63 6.34 25.8 18.6 


0.0421 1.600 20.3 4.291 | 4.96 4.75 5.08 32.5 14.8 
0.0332 1.400 20.9 4.545 | 4.11 3.97 4.20 39.3 14,2 
0.0245 1.178 22.4 5.376 | 3.55 3.47 3.67 44.9 12.7 
0.0162 0.996 25.5 6.944 | 3.01 2.96 3.09 53.4 9.6 
0.00802 0.520 27.8 13.15 2.79 PATA ENE Paha 57.8 7.3 


Peters (18) records that the interfacial tensions of benzene solutions 
of fatty acids against water are markedly affected by pH in the range > 
pH 6-10. Acidification of the conductivity water by means of hydro- 
chlorie acid produced no measurable change in interfacial tension, and 
it is felt that the free fatty acid is the true molecular species to which 
the calculations below apply. 

In general, the values quoted in Tables I-IX are those obtained after 
the system had been standing for about 12 hours. With the exception of 
n-capric acid solutions, no change in interfacial tension greater than 
0.1-0.2 dyne/cm. was observed after some 3 minutes from the formation 
of the bubble. This no doubt explains why the drop-volume method gave 
‘agreement with these results. However, in the case of n-capric acid de- 
creases of 3-4 dynes/cm. in interfacial tension were observed. The 
source of the capric acid was unknown and it is felt that this aging was 
due to impurities. That the problem of purity of samples is acute, is 
shown by the fact that the molecular weight of the material in question 
was within 1% of the theoretical value as determined by titration. 

The alcohols used were obtained from the Connecticut Hard Rubber 
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Co., and the acids, with the exception of n-capric acid, were obtained 
from Eastman Kodak Company. 

Freezing point data for a number of acids and alcohols dissolved in 
benzene were obtained by Giaccalone (10). His values for n-hexanol and 
n-caprylic acid are shown for comparison in Figs. 6 and 7. Agreement is 
considerably better than 1%. 

The only comparable data on interfacial tensions available are those 
of Harkins (14) for solutions of butyric and acetic acids. The data are 
given in Fig. 3 for comparison, and calculations on these data taken with 
Giaccalone’s freezing point data are given in Table I. 


Discussion 


In calculating adsorption data the methods of Guggenheim and Adam 
(12) have been followed throughout. 

The only reported data for the areas of fatty acids at a benzene-water 
interface are those of Harkins (14). These are calculated on the assump- 
tion that the quantity 
2.303 OY 


Pr, igh RT 0 logio C;’ 


where C, = concentration of solute in moles/1000 g. solvent, may be 
equated to the actual number of molecules of fatty acid in the mono- 
molecular interfacial film, and Harkins arrives at a figure of ca. 30 A? for 
the area of butyric acid in the close packed film. The calculations contain 
a number of errors. At the concentrations used, v2z., ca. 1 g.-mole/I]. in 
the aqueous phase, and the corresponding value of ca. 5 g.-moles/1. 
in the benzene phase, the concentration term C, can no longer be even 
approximately equated to the thermodynamic terms (f,N,). Further, 
through an arithmetic slip Harkins inverted the logarithmic conversion 
factor 2.303 so that his values are too small by a factor of (2.303). 
Schofield and Rideal (21) in deriving a force-area curve from Harkins’ 
data avoid this error and obtain an area of ca. 100 A? in the close packed 
film, but neglect to account for changes in the activity coefficient f,. 

The need for this is readily shown by the marked deviations from 
ideality demonstrated in the freezing point curves and noted by numerous 
authors (20). 

The Gibbs equation may be written: 


—-d0y= DT Ops. (1) 


In the present systems there are three components, solute, benzene 
and water. To make calculations possible, we make the reasonable 
assumption that the chemical potential of the water in the benzene phase 
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is invariant ; hence we may write: 


— dy = T0us + To0po, (2) 
where, 
I, = surface excess of solute S,’ 
T, = surface excess of solvent, benzene, 
us = chemical potential of solute S, 


uo = chemical potential of solvent, benzene. 
Following Guggenheim and Adam we may write 
— dy = T,dus. (3) 


This is the so-called ““Gibbs” convention which postulates that To = 0. 
Alternatively, we may adopt a more useful convention by defining a 
quantity [',“ such that a portion of the liquid embracing unit area of 
surface contains I’; moles of each species 2 more than an equal volume 
in the bulk phase containing exactly the same total number of moles of 

all species. Then by definition 
> Fe" =0, (4) 


a 


Lastly one may place the “‘Gibbs”’ geometrical surface so as to separate | 
the bulk homogeneous phase from the assumed monomolecular surface 
layer above it. On this wu convention I,“ and T,“™ are the actual number 
of solute and solvent molecules in the film. 

We have (12) the following relations: 


OY 
Pyaar a Qu,’ (5) 
N; 
Bice , 
P= NES) "NGL (7) 


where NV, and N, are the mole fractions of solute and solvent, respectively. 
Now 


Ho = wo + g-RT log N., (8) 
where g = the osmotic coefficient of the solvent. 
du, =-RTA(Qg log N.) (9) 


and by the Gibbs Duhem equation 
No: Oo i ia N Ons. (10) 


No 
Ons = — a RT -0(g log N.). (11) 
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But 


— glog N, = (12) 


where 


6 = the freezing point depression of the solution, 
T. = the freezing point of the benzene, 
L = the latent heat of fusion of benzene. 


L 


d(g log N.) = — RT? 


06, (13) 


: — OY 
te. TO = — N.L? 36° (14) 
In order to calculate N, to substitute in Eq. 14 it is necessary to pos- 
tulate some molecular model for the system. Since in very dilute solution, 
1.e.. < 0.01 M, the solutions of both alcohols and acids yield freezing 
point depressions in accordance with ideal behavior, the model adopted 
is that of single molecules of alcohol or acid in benzene. The manifest 
deviations from this behavior at higher concentrations are then taken 
into account by the 6 term. Secondly, Eq. 7 for obtaining I’, contains 2 
unknowns I,“ and I,“ ; to solve the equation we may employ the addi- 
tional equation: 
A aie . Pea = A (15) 
where 
A, = the area/g.-mole of solute, and 
A, = the area/g.-mole of solvent benzene. 


The choice of values for A, and A, is somewhat arbitrary but may be 
determined approximately. Since, from C, to Cie derivatives, there is no 
sign of behavior analogous to that occurring at the air-water interface, 
and designated as Traube’s (22) rule, it is highly probable that the film 
molecules are not oriented parallel to the interface as postulated for the 
low pressure gaseous films at air-water interface, but are simply anchored 
to the interface by means of the polar group, the hydrocarbon chain 
remaining entirely in the benzene phase. This hypothesis is supported by 
energetic considerations of the competing effects of the interactions, 
benzene ~ hydrocarbon chain and water <> hydrocarbon chain. Hence 
the values selected for A, are those commonly accepted as the areas of the 
polar heads derived from insoluble films (1). The value for A., the area 
of the benzene, has been taken as 24 A? per molecule, a value common to 
most simple p-substituted benzene derivatives in insoluble films. From 
Eqs. 7 and 15 we have: 


N). 
1.) = (16) 
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From 16 we see that, even for values of NV, as large as 0.15, a change in A, 
by a factor of 2 results in a change of I,” less than 10%. Variations at 
values of N, < 0.05 are less than 3% and variations due to changes in the 
-value of A, are practically negligible. Thus, the arbitrary choice of values 
for A, and A, results in no serious error. 
From Eqs. 16 and 14 we can calculate the number of molecules of 
solute in the film. Values of 07/00 were obtained as follows: a plot of + 
against log 6 gives a straight line from which an equation of the form 


y=A+t Blog 0 (17) 


may be obtained, where A and B are constants. From this it follows that 


Oy as 
(37)... ears (18) 


The areas per molecule in the film, A = 1/T,‘” together with values of 
ry; 7, and I, are given in Tables I-IX. 

It is immediately apparent that errors involved in using the approxi- 
mate form of Gibbs equation are large. Using Harkins’ results for butyric 
acid, a close packed area of ca. 100 A? is obtained by neglecting changes in 
activity coefficient whereas the I’, value gives an area of ca. 40 A. 
Again the errors involved in neglecting changes in I, may be as large as 
40% in concentrations where NV, > 0.1. 

The force-area curves for the adsorbed films are plotted in Fig. 8. 
The curves for the fatty acids all show a point of transition from ex- 
panded films to more highly condensed films. The transition pressures 
form a uniform series, 


IBULYTIC Ss Sect ae ae eae 19.5 dynes/cm. 
@aproicys einer ed ee sete 16.4 dynes/em. 
Caprylicarere: iiecnhee 3 15.5 dynes/em. 
Capricue ae kaa ete! 14.6 dynes/em. 
LQUNC teria acer eee Vee 13.2 dynes/em., 


the transition pressure decreasing steadily with increasing chain length. 
With the exception of capric acid, the transition areas form a similar 
series. Capric acid was the only compound with which aging effects were 
experienced, and, due to the likelihood of impurity in the specimen, the 
results for this compound may be erroneous. 

Data for the alcohol films are not so complete over the whole pressure 
range, but the alcohol films appear to be more highly condensed than the 
corresponding acids, as is the case at air-water interfaces (1), in all cases 
being above the transition pressure. The close packed areas approximate 
to 20A? in agreement with data obtained with insoluble films at air- 
water surfaces. 
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To work out the details of the force-area curves, more extended and 
more precise data need to be accumulated, but the results show that film 
behavior at a benzene-water interface is essentially similar to that at an 
air-water interface. 


© 
N-ALCOHOLS 
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Fic. 8. Force-area curves for films adsorbed at the benzene-water interface. 
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SUMMARY 


A number of methods of measuring interfacial tensions between two 
liquids are compared, and it is concluded that the “sessile bubble’’ is 
most convenient and trustworthy. For systems where the interface does 
not age appreciably the drop-volume method gives results in agreement 
to within +0.2 dyne/cm. with the sessile bubble method. 

The interfacial tension of benzene solutions of a number of alcohols 
and acids against conductivity water at 23°C. have been determined, 
together with the freezing points of the solutions. 

The Traube rule does not apply at the benzene-water interface, from 
which it is concluded that the molecules in an expanded film are not 
oriented parallel to the interface. 

From calculations of the adsorption at the interface, force-area curves 
are deduced for the adsorbed film. The fatty acids give curves with a 
transition point similar to those obtained with myristic acid on water at 
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25°C. and, at the highest pressure used, occupy an area of about 40 A’. 
The alcohols appear to be more condensed in the surface film than the 
corresponding acids, and close pack to an area of about 20 Ae. 
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INTRODUCTION 


In a previous communication (8), data were presented for the inter- 
facial tensions against water of a series of solutions of fatty acids and 
alcohols. This work has been extended to higher homologues of the acids 
and alcohols, and variations in temperature and the nature of the solvent 
have been studied. 

EXPERIMENTAL 


In the previous paper the interfacial tension data were obtained by 
means of the sessile bubble method (4) but it was found that the drop- 
volume method (6) yielded results in good agreement with these (+0.2 
dynes/cm.) provided the systems which were studied showed no marked 
aging. One difficulty with the sessile bubble method, however, lay in the 
poor thermal control which was achieved. Hence, in the present work the 
results have, in general, been obtained by the drop-volume method be- 
cause of the great ease of thermostating; the results being checked where 
possible, viz., at 25°C., against the sessible bubble method. The agreement 
was good, and confidence is felt in those results obtained at 10°C. and 
40°C. which could not be checked against the sessible bubble method. 
Previous work indicated that, with solutions of the lower members of 
the fatty acids and alcohols, the ring method (7) occasionally gave er- 
roneous results due to variations in the contact angle on the ring. For 
higher members, notably cetyl alcohol and myristic acid, the ring method 
gave results in good agreement with the drop-volume and sessile bubble 
methods. 

As the details of the methods of measuring interfacial tension were 
given in the previous paper, no further description will be given here. 

Freezing point data necessary to the calculation of the I’s were ob- 
tained, as before, by astandard Beckmann method using 25 ml. of solution. 

The caprylic and myristic acids, cetyl alcohol, benzene, cyclohexane, 
and nitrobenzene were supplied by Eastman Kodak Company. The 
n-octyl alcohol and n-tetradecane were supplied by the Connecticut Hard 
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Rubber Company. The myristic acid required 3 recrystallizations from | 
acetone solutions before “aging,’”’ due to impurities, became negligible. 


RESULTS 


Values for the interfacial tensions against water for n-octyl alcohol 
and n-caprylic acid in benzene at 10°C. and 40°C. are given in Tables 
I-IV, values for n-octyl alcohol and n-caprylic acid in a number of solvents 
in Tables V-IX, and values for cetyl alcohol in benzene, and myristic 
acid in benzene and cyclohexane in Tables X—XII. 

Calculations of the surface excesses I require a knowledge of the freez- 
ing point depression 6 of the solution under investigation. In the case of 
cetyl alcohol and myristic acid the low solubilities at ~5°C. preclude the 
possibility of measuring @ for all the solutions which were used. Since such. 
data for dilute solutions as could be obtained fell on the general @ — N, 
curves for homologues given in the last paper, the assumption has been 


TABLE I 
Caprylic Acid in Benzene at 10°C. 


N, ) *¥: ap oy ro 
° 


ro) | r© A P 


&é; dynes/cm. g--moles/cm?. X 1071 A2 dynes/cm. 

0.358 | 17.05 13.6 | 0.588 0.210 | 3.14 1.97 4.74 34.8 21.4 
0.218 7.99 16.3 | 0.279 0.445 | 3.16 2.47 4.13 40.0 18.7 
0.122 4.71 18.6 | 0.189 0.750 | 2.65 2.31 4.09 50.9 16.4 
0.0584 | 2.040] 22.1 | 0.0621 1.75 2.76 2.60 2.80 58.8 12.9 
0.0285 | 1.002} 25.1 | 0.0293 3.60 2.65 2.57 2.63 62.7 9.9 
0.0094 | 0.353] 27.8 | 0.00948 | 10.0 2.41 2.39 2.47 66.9 5.2 
0.000 0 35.0 


TABLE II 
Caprylic Acid in Benzene at 40°C. 


N. 8 x i ov me) 


w) 
No 30 ty 


po A F 


°C; dynes /cem. g.-moles/cm?. X 10710 A2 dynes /cm. 
0.358 | 17.05 12.9 | 0.588 0.210} 3.14 1.98 4.74 34.8 20.9 


0.218 7.99 15.3 | 0.279 0.450] 3.18 2.50 4.18 39.5 18.5 
0.122 4.71 17.6 | 0.139 0.752 | 2.66 2.33 4.09 50.9 16.2 
0.0893 | 3.23 18.7 | 0.098 L1G 2.74 2.50 3.13 52.7 15.1 
0.0584 | 2.04 20.7 | 0.0621 1.74 2.74 2.59 2.80 58.8 13.1 
0.0285 | 1.002) 23.1 | 0.0291 3.55 2.63 2.55 2.63 62.7 10.7 
0.0094 | 0.353] 26.7 | 0.00948 | 10.3 2.44 2.39 2.51 66.3 Z(ils 
0.0047 | 0.180} 27.7 | 0.00473 | 19.7 2.37 2.35 2.40 68.8 6.1 
0 0 33.8 


FILMS. II 237 
TABLE III 
n-Octyl Alcohol in Benzene at 10°C. 
No a zs ao oy ro roy) | pw) A F 
°C: dynes /cm. g.-moles/cm?. X 10719 A2 dynes /cm. 
0.123 3.281 14.4 | 0.140 Lv 6.05 5.30 6.29 26.3 20.6 
0.0904 2.628 16.1 | 0.0995 2.16 5.37 4.88 5.59 29.5 18.9 
0.0589 1.946 17.3 | 0.0625 2.92 | 4.56 4,29 4.71 35.0 Wey 
0.0282 1,261 19.9 | 0.0290 4.50 3.26 37 3.39 48.8 15.1 
0.0230 1.070 20.8 | 0.0235 5.30 3.11 3.04 3.22 51.3 14.2 
0.0162 0.825 22.3 | 0.0165 6.90 2.84 2.80 2.92 56.4 27, 
0.00968 | 0.597 24.5 |0.00975) 9.52 2.32 2.30 2.39 69.1 10.5 
0.00541 | 0.350 28.2 | 0.00544) 16.25 2.21 2.20 2.25 73.6 6.8 
0 0 35.0 |0 
TABLE IV 
n-Octyl Alcohol in Benzene at 40°C. 
Ns 6 i ao = ra ro) ro) ve P 
a dynes /cm.. g.-moles/cm?. XK 10710 he dynes/cm. 
0.123 3.281 16.2 | 0.140 Ito 6.05 5.30 6.29 26.3 16.6 
0.0904 2.628 17.2 | 0.0995 2.16 5.37 4.88 5.59 29.5 15.8 
0.0589 1.946 18.7 | 0.0625 2.92 4.56 4.29 4.71 35.0 14,1 
0.0282 1.261 22.3 | 0.0290 4.50 3.26 aly 3.39 48.8 10.5 
0.0230 1.070 22.8 | 0.0235 5.30 art 3.04 3.22 51.3 10.0 
0.0162 0.825 24.8 | 0.0165 6.90 2.84 2.80 2.92 56.4 8.0 
0.00968 | 0.597 25.8 | 0.00975) 9.52 2.32 2.30 2.39 69.1 7.0 
0.00541 | 0.350 29.1 | 0.00544) 16.25 2:21 2.20 2,25 73.6 all 
0 0 33.8 
TABLE V 
n-Octanol in Cyclohexane at 25°C. 
Ma 0 y x ra) Vy) To) A F 
°C. 4 ahob yen: 7 g.-moles/cm?. X 10-" ‘e Ne dynes /cm. 
0 0 49.6 
0.147 7.35 16.1 | 0.172 0.4 7.0 5.97 7.38 22.4 33.5 
0.0708 4.62 18.1 | 0.0762 1.0 (etfs) Pak 7.82 20.1 Sled 
0.0348 Qt 20.0 | 0.0361 le?/ 6.24 6.03 6.32 26.1 29.6 
0.0125 1.484 23.4 | 0.0127 4.7 6.07 6.01 6.14 26.9 26.2 
0.00655 0.949 26.6 | 0.00660 8.8 5.91 5.90 6.01 GAD, 23.0 
0.00342 0.693 31.0 | 0.00345) 16.6 5.65 5.65 5.72 28.9 18.6 
0.00224 0.494 34.3 | 0.00226) 24.5 5.63 5.63 5.63 29.3 aes 
0.00156 0.363 37.0 | 0.00158} 31.2 5.02 5.02 5.02 32.9 12.6 
0.000816 | 0.190 41.3 | 0.00082} 31.2 2.60 2.60 2.60 63.4 8.3 
0.000423 | 0.100 44.2 | 0.00042} 31.2 1.33 1.33 1.33 | 124.0 5.4 
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TABLE VI 
n-Caprylic in Cyclohexane at 25°C. 
———e—————eEeE— 
N. 9 r we sy ro rw) | pw f - 

OF dynes /cm. g.~moles/cm?. X 107 A2 dynes /cm. 
0 0 48.2 
0.0785 9.45 20.7 | 0.0852 | 0.487} 4.12 3.79 4.43 37.3 27.5 
0.0486 5.85 22.9 | 0.0511 0.788 | 3.99 3.80 4,22 39.1 25.3 
0.0330 4.01 24.9 | 0.0342 1.145 | 3.88 3.75 4.00 41.2 23.3 
0.0168 2.126 27.8 | 0.0171 2.17 3.68 3.61 3.77 43.8 20.4 
0.00852 | 1.070 | 30.9 | 0.00860} 4.30 3.66 3.64 3.71 44.4 17.3 
0.00426 | 9,525 | 33.6 | 0.0043 | 8.77 3.74 3.73 3.69 44,7 14.6 
0.00155 | 0.194 | 37.2 | 0.00156] 15.9 2.46 2.46 2.46 67.2 11.0 
0.00040 | 0.040 41.1 | 0.00040} 58.2 2.31 2.31 2.31 71.5 (he! 

TABLE VIL 
n-Octyl Alcohol in Nitrobenzene at 25°C. 
Ns r) y a oy ra) ro) p™) ¥ F 

eG: dynes /cm. g.-moles/cm2. X 10-1 A2 dpieaiena 
0 0 24.7 
0.0159 0.795 21.0 | 0.0162} 4.10 1.50 1.48 1.58 104.0 3. 
0.0314 | 1.415 18.8 | 0.0324} 3.60 2.65 2.57 2.76 59.8 5.9 
0.0609 | 2.254 16.0 | 0.0648} 2.90 4.27 4.00 4.46 37.1 8.7 
0.0888 2.792 14.8 | 0.0975 | 2.50 5.54 5.04 5.70 29.0 9.9 
0.115 3.168 13.6 | 0.130 2.20 6.50 5.75 6.64 24.8 11.1 
0.139 3.440 13.1 | 0.162 1.90 6.97 6.00 7.01 23.6 11.6 
0.245 4.450 11.1 | 0.824 1.50 12.6 

TABLE VIII 


n-Caprylic Acid in Nitrobenzene at 25°C. 


RT a a 


N. 


Y 


dynes /cm. 


24.9 
20.6 
19.7 
17.1 
15.4 
15.1 
14.4 
12.5 


pa) 


ro) | pi) 


g.-moles/cm?. * 10710 


1.67 
2.13 
2.62 
3.09 
3.46 
3.50 
4.11 


1.64 
2.06 
2.46 
2.83 
3.08 
3.02 
3.11 


1.76 
2.28 
2.89 
3.44 
3.89 
4.06 
4.86 


F 


dynes /cm. 


Caprylic Acid in Tetradecane at 25°C. 
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N, 0 ¥ yr roy) r™) A F 
°C. |dynes/cm. g.-moles/cm2, * 107 A2 dynes /cm. 
0.290 2.47 a2 4.40 3.11 5.39 30.6 33.2 
0.154 1.310 18.9 3.83 3.23 4.46 37.1 29.5 
0.0793 0.670 22.4 3.06 2.82 3.43 48.1 26.0 
0.0291 0.245 Zine 2.54 2.46 2.68 61.6 21.2 
0.0133 0.115 30.3 1.86 1.84 1.95 84.9 18.1 
0.00665 | 0.060 33.4 1.01 1.00 1.01 |(165) 15.0 
0.00332 | 0.030 36.2 1.08 1.07 1.10 | 150 12.2 
0 0 48.4 
TABLE X 
Cetyl Alcohol in Benzene at 25°C. 
N, r) y x oy ra) py) pe A F 
C2 dynes/cm. g.-moles/cm?, XK 10-0 A2 dynes /cem. 
0.0595 1.99 18.3 | 0.0683 3.82 6.36 5.98 6.54 25.3 16.3 
0.0313 1.308 21.4 | 0.0323 5.78 4.91 4.76 5.04 32.7 13.4 
0.0214 1.01 23.8 | 0.0219 7.50 4.32 4.23 4.44 37.2 At 
0.0144 0.750 25.6 | 0.0146 8.4 3.22 3.18 3.30 50.0 9.3 
0.00772 | 0.470 28.2 | 0.00775} 10.4 ZA2, 2:11 PAA We 76.1 6.7 
0.00404 | 0.300 30.8 | 0.00407) 13.2 1.42 1.42 1.44 | 115 4.1 
0.00148 | 0.100 33.3 | 0.00149} 16.8 0.654 | 0.654] 0.654 | 252 1.6 
0 0 34.9 
TABLE XI 
Myristic Acid in Benzene at 25°C. 
N, 6 a ap oy Fo po). pm) a F 
£C: dynes/cm. g.-moles/cm?. X 1071 A2 dynes/cm. 
0.0435 1.114 23.4 | 0.0455 3.20 3.83 3.65 3.98 | 41.4 eg 
0.0292 0.78 24.8 | 0.0301 4.68 3.70 3.60 3.83 43.1 10.3 
0.0197 0.54 26.7 | 0.0201 6.76 3.00 3.50 3.59 44.9 8.4 
0.00994 | 0.305 | 28.3 | 0.0101 | 10.3 2.74 241 2.80 59.0 6.8 
0.00664 | 0.215 29.5 |0.0067 | 14.05 2.49 2.48 2.49 66.7 5.6 
0.00363 | 0.100 30.8 | 0.00363] 18.1 1.72 1.71 1.75 94.0 4.3 
0.00182 | 0.050 31.8 |.0.00182| 25.0 1.19 1.18 1.20 | 138 3.3 
0 35.1 


te 
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TABLE XII 
Myristic Acid in Cyclohexane at 25°C. 


i 
eae TT ae 


Na ov ro 


Ns pW) 
Nz 8 Y No FY) 


Tr) A F 


eC. dynes/cm. g.-moles/cm?. X 1071 Az dynes /cm. 

0.0366 4,42 28.7 | 0.0380 | (0.6) | (2.26) 

0.0270 3.27 29.5 | 0.0277 1.2 3.29 3.21 3.49 47.3 20.3 
0.0179 2.77 31.0 | 0.0181 1.85 3.24 3.19 3.35 49.3 18.8 
0.00862 | 1.07 33.8 | 0.00867} 3.80 3.26 3.24 3.32 49.8 16.0 
0.0058 0.73 35.4 | 0.00582) 5.20 3.00 2.99 3.06 53.9 14.8 
0.00316 ; 0.39 37.0 | 0.00317} 7.00 2.20 2.19 2.23 74.0 12.8 
0.00085 | 9.10 40.7 | 0.00085} 21.65 1.83 1.82 1.83 90.2 9.1 

0 49.8 


made that @ for more concentrated solutions can be read from the general 
curves. 

In Figs. 1-10 are plotted interfacial tensions against freezing point 
depression @ and mole fraction of surface active material N,. Due to 
the close linearity between @ and JN, in the case of the fatty acids the 
y~6@and y ~ N, curves are practically indistinguishable but this is 
not so for the alcohols. 
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Fra. 1. Interfacial tension vs. freezing point depression for solutions of 
n-octyl alcohol in benzene. 
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Fia. 2. Interfacial tension vs. freezing point depression for solutions of 
n-caprylic acid in benzene. 
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Fia. 3. Interfacial tension vs. freezing point depression for solutions of 
n-caprylic acid in nitrobenzene. 
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Fia. 4. Interfacial tension vs. freezing point depression for solutions of 
n-caprylic acid in cyclohexane. 
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Fia. 5. Interfacial tension vs. freezing point depression for solutions of 
n-caprylic in n-tetradecane. 
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Fia. 6. Interfacial tension vs. freezing point depression for solutions of 
n-octyl alcohol in cyclohexane. 
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Fia. 7. Interfacial tension vs. freezing point depression for solutions of 
n-octy! alcohol in nitrobenzene. 
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Fia. 8. Interfacial tension vs. freezing point depression for solutions of 
cetyl alcohol in benzene. 
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Fia. 9. Interfacial tension vs. freezing point depression for solutions of 
myristic acid in benzene. 
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Fie. 10. Interfacial tension vs. freezing point depression for solutions of 


myristic acid in cyclohexane. 


Finally in Figs. 11-13 are drawn force-area curves for the adsorbed 
films, the area per molecule being calculated as shown below. 
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Fia. 11. Force-area curves for n-octyl alcohol in various solvents. 


246 ERIC HUTCHINSON 


N TE TRADECANE 


th 
oO 


fo) 


NITROBENZENE 


FORCE DYNES/CM 


40 60 80 
AREA PER MOLECULE [ANGSTROMS]? 


Fig. 12. Force-area curves for n-caprylic acid in various solvents. 
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Fia. 13. Force-area curves for myristie acid in benzene and cyclohexane. 


DiIscuUSSION 


The calculation of the surface excess of the film-forming compound, 
Pr, 1, PC) as defined by Guggenheim and Adam (5), follows exactly 
the treatment given in the previous paper, v7z. 


Agi le an, 
axe) BS eM MAY) (1) 
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and 
ro 
i Se 0a SI? (2) 
ANG 
ATO) +N 
(ORR SEER $ 
r AONGOaIN (3) 
where 


A, = cross-sectional area of solute molecule, 
A, = cross-sectional area of solvent molecule. 


The area, A, per solute molecule in the adsorbed film is given by 
A = 1/T™ and the force F = y — yo where 7, is the interfacial tension 
of the pure solvent against water. 

It was suggested in the previous paper that oil-soluble compounds 
adsorbed at the oil-water interface are oriented with the polar group in 
the interface and the hydrocarbon chain entirely in the oil phase. This 
conclusion was based on consideration of the energetics and on the re- 
markably small effect of increased chain length compared to correspond- 
ing effects at air-water surfaces. The force-area curves for n-caprylic acid 
and myristic acid, and for n-octyl alcohol and cetyl alcohol, show that 
doubling the chain length has very little effect on the properties of the 
film 

Adam (1) makes the general statement that, at oil-water interfaces, 
the lateral adhesion between the hydrocarbon chains is so reduced that a 
~ material which forms a “liquid-expanded”’ film on water forms a “gaseous” 
or highly expanded film at an oil-water interface. This does not appear 
to be borne out by the present data, for while it is true that, at a given 
surface pressure, myristic acid occupies a larger area in the film at an 
oil-water interface than at an air-water surface, yet, nevertheless, the 
force-area curve contains a transition point characteristic of ‘“liquid- 
expanded” films. Further, although the area per molecule is about 100% 
greater under a given pressure, at an oil-water interface, still the ‘“transi- 
tion pressure” is actually lower by ca. 10 dynes/cm. Similarly, the lower 
homologues occupy an area in the film at oil-water interfaces approxi- 
mately twice that at an air-water surface, at a given pressure. This may be 
described as an “expansion” in going from an air-water to an oil-water 
interface. On the other hand, however, the fatty acids C4 — Cis yield 
force-area curves with a transition point and a shape characteristic of 
“iquid-expanded”’ films on water. This is in sharp contrast to their 
behavior at an air-water surface, where the fatty acids C4 — Cy form 
imperfect “gaseous” films (at ca. 20°C.) in which lateral adhesion be< 
tween neighboring film molecules is small. Hence, if the particular shape 
of force-area curve is truly indicative of a “liquid-expanded”’ film at an 
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oil-water interface, then the fatty acids would appear to form films at 
an oil-water interface in which lateral adhesion is greater than at air- 
water surfaces. In this event the area per molecule in the film at a given 
surface pressure would not be the sole criterion for determining whether 
the film is more “expanded” at an oil-water interface. The whole force- 
area curve would need to be considered. 

There is, moreover, some basis for reasoning that, although the area 
per molecule in the film may be greater at an oil-water interface, lateral 
adhesion in the film may be greater. 

The films discussed here resemble expanded films, as discussed by 
Langmuir (9), in that the polar groups are relatively far apart except 
under high compression. However, Langmuir considers that, at an air- 
water surface, the hydrocarbon chains form what might loosely be termed 
a liquid, in which the forces operating between the chains are the co- 
hesive forces of pure paraffin liquids. Increased temperature causes the 
film molecules to ‘‘evaporate” from an environment which is essentially 
a liquid to one in which the molecules are relatively far apart and the 
forces between neighboring molecules are small. Thus, the latent heat 
of “evaporation” is considerable, ca. 2 kcals./mole, and the effect of tem- 
perature on the film properties is quite marked. 

Now, in the suggested model for a film at an oil-water interface, solvent 
molecules are present in addition to the film molecules and the closeness 
of approach between hydrocarbon chains will be governed by the balance 
of cohesive forces between the chains themselves, and between the 
chains and the solvent molecules. A separation of hydrocarbon chains from 
a state in which they are close neighbors to one in which they are rela- 
tively far apart would merely remove the film molecule from an environ- | 
ment of its fellows to one in which solvent molecules are still close 
neighbors. Thus, the change in force field, and hence the latent heat, 
corresponding to such a separation or “expansion”? would be much less 
than for the similar change at an air-water surface. 

Experiments using n-octyl alcohol and n-caprylic acid at 10°C. and 
40°C. show clearly the small effect of temperature changes, in accordance 
with this hypothesis. 

Such effects of temperature, moreover, would be greatest for systems 
in which the cohesion between the hydrocarbon chains and the solvent 
molecules is small, so that under high compression the film molecules can 
Squeeze out solvent molecules and approach one another closely. 

In fact, however, general observations on the relative solubility of 
paraffin derivatives in paraffins and other solvents suggest that inter- 
actions between hydrocarbon chains and many solvent molecules, e.g., 
benzene, are considerably stronger than between the chains themselves. 
Thus, there is a strong likelihood that, even at high surface pressures, the 
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film molecule will be preferentially surrounded by solvent molecules 
rather than by its fellows. 

Variations in the cohesive forces between solvent molecules and 
hydrocarbon chains should be reflected in the properties of the films 
adsorbed from various solvents. The greater the interaction the less will 
the film approximate to the “gaseous” type encountered at air-water 
surfaces. Thus, due to this lateral adhesion, we should expect films ad- 
sorbed from benzene solutions to be less “gaseous’’ or more “‘condensed”’ 
than those adsorbed from paraffin solutions. Experiment shows that this 
is indeed so; in the case of tetradecane the film molecules of n-caprylic 
occupy a much greater area, at a given surface pressure, than they do 
when benzene is the solvent. Cyclohexane solutions behave in much the 
same way as benzene solutions, as might be expected from a comparison 
of their respective solvent properties as regards fatty acids, alcohols, etc. 
Films of n-caprylic acid occupy even less area, at a given pressure, when 
adsorbed from nitrobenzene solutions. At first sight this would appear 
to be anomalous, in that nitrobenzene exhibits an inferior solvent power 
compared to benzene for fatty acids. However, it is probable that at the 
oil-water interface the — NO: group is oriented toward the water so that 
polar-head interaction occurs in addition to the interactions between the 
benzene ring and the hydrocarbon chain. 

However, although in general the results are in agreement with the 
proposed model for the film at an oil-water interface, much work remains 
to be done before any general quantitative conclusions may be reached. 
Many of the solvents which would be of interest in this investigation have 
freezing points inconveniently low for osmotic determinations and re- 
course to boiling point measurements will be necessary in future work. 
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SUMMARY 


Experiments on the properties of films adsorbed at oil-water inter- 
faces have been extended to include variation of the chain length of the 
adsorbed molecules, temperature, and the nature of the oil. In general, 
the evidence supports the hypothesis of an interfacial film in which the 
polar group is anchored at the interface and the hydrocarbon chain is 
entirely within the oil phase. 

Changes in the degree of “condensation” or ‘expansion’ of the films 
adsorbed from a number of solvents support the hypothesis that the co- 
hesion between the solvent molecules and the hydrocarbon chain of the 
film molecule is an important factor, and reasons are adduced to show 
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that lateral adhesion in films adsorbed at oil-water interfaces may be 
greater, rather than less, than at air-water surfaces. 
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There is currently much interest in the determination of the state of 
aggregation of polymers in solution by means of their light-scattering 
properties. During World War II similar methods were used to determine 
the particle size of aerosols. According to a procedure devised by La Mer 
and Sinclair (1), there are two size ranges easily characterized by some- 
what different properties: for aerosols with particles of uniform radii 
between 0.3 and 1 uy, the size is indicated -by the number of so-called 
“spectral orders’; for radii from 0.3 » down to about 0.05 u, the degree 
of polarization of light scattered perpendicularly is the most convenient 
measure of size. La Mer and Sinclair showed that the appearance of 
“spectral orders’’ followed from the theoretical work of Mie (2), upon 
which the determination of size from polarization measurements was also 
based. This paper reports a brief experimental confirmation of the pre- 
dictions of the theory in the polarization range. 

The method of Wells and Gerke (3) was chosen for an independent 
determination of particle size. In this method, the motion of charged 
spherical smoke particles under an alternating electric field is photo- 
graphed in an ultramicroscope. The amplitude of the vibratory motion is 
proportional to the velocity of the particle, from which the diameter may 
be calculated by Cunningham’s (4) corrected form of Stokes’ law. When, 
as is usual in this procedure; the particles are artificially charged after 
formation of the smoke, an error is introduced because of the large 
number of multiply charged particles, while the calculations assume single 
charges. Since our smokes were formed by condensation of a non-volatile 
liquid on ionic nuclei (by a procedure also due to La Mer and his co- 
workers), it was considered that the particles would be predominantly 
singly charged. This supposition was directly confirmed by a crude modi- 

1 This work was done in part at Duke University under a contract between the Naval 
Research Laboratory and Duke University, and in part at the Naval Research Labora- 


tory. 
2 Present address: Southern Research Institute, Birmingham, Alabama. 
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fication of Millikan’s procedure for determining the electronic charge. 
The cell designed for the Wells and Gerke procedure was used for the 


measurements of charge. Brownian movement was so strong as to cause © 
diffusion of many of these small particles out of focus before the measure-— 
ments could be completed, so that the procedure was very tedious. — 


Nevertheless, the charges of 31 particles from three smokes were meas- 
ured, and only one of these was multiply charged. Furthermore, it was the 
strong impression of the observers that the fraction of multiply charged 


particles was almost certainly less than 1/31. It was not possible in the 
cell of the Wells and Gerke apparatus to isolate only a single particle in — 


the field; instead, many particles were visible. Although only one of these 
was specifically timed in each individual measurement, most of the visible 
particles affected by the field (certainly 20-30) seemed to move up and 
down in unison with the application and removal of the electrical field, 
without seriously changing their relative positions. It was very unusual 
to find a charged particle with inconsistent behavior, although such 
behavior was immediately obvious. Since these aerosols were of very 
uniform particle size, it was evident that the overwhelming majority of 
the particles were charged singly or not at all. 

In the Wells and Gerke procedure we used a cell with electrodes 1 cm. 
square, separated by 4 mm. The field of the ultramicroscope limited the 
observations to a small, undistorted region of the electrical field. A high- 
pressure mercury are (General Electric H-6) was used as light source in 
conjunction with a Bausch and Lomb ultramicroscope, and photography 
was on Agfa Superpan Supreme 35 mm. film with a Micro-Ibso attach- 


ment for a Leica camera. Rather than making enlargements of the 


negatives, we found it more convenient, and at least as accurate, simply 


to draw the zigzag paths on paper placed in the enlarger. Particles were 
considered only if at least two amplitudes of oscillation could be measured. 


Size distribution histograms of 5 smokes were determined with the 
following results: 


Smoke A B Cc D E 


Optical radius, p 0.155 0.25 0.32 0.46 0.48 
Radius at maximum of 


distribution histogram 0.15-0.17 |0.225-0.275] 0.31-0.35 | 0.45-0.51 | 0.41-0.47 
Average radius from 

histogram 0.18 0.26 0.37 0.46 0.42 
Range of radii including 

middle 50% of observed 


particles 0.14—0.200).23-0.29 0.31-0.40 | 0.40-0.51 | 0.37-0.49 
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By optical radius is meant the radius determined by the light-scattering 
method appropriate to the size. For A and B, the polarization method was 
used; for C, D, and E, the method of spectral orders. 

We consider the agreement of the Wells and Gerke method with the 
method of spectral orders, which has had experimental corroboration by 
other methods, as further justification of the use of the Wells and Gerke 
method to confirm the polarization measurements. The agreement in the 
polarization range (smokes A and B) is well within experimental error. 

In the course’ of this investigation, the following general observations 
concerning the Wells and Gerke method were made: 


(1) An attempt to charge any large fraction of the particles after the 
smoke is formed will result in excessive multiple charging. 

(2) Even if singly charged particles are used, noticeable discrimina- 
tion against the smaller particles will result if the fields are too strong. 
In general, confidence should be placed only in distribution curves which 
are not significantly changed if the concentrations and the field strengths 
are reduced. 


Our apparatus was not sufficiently sensitive to record the oscillations 
of particles much smaller than 0.15 wu radius. 
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IN THE TEMPERATURE DEPENDENCE OF THE INTENSITY OF 
ELECTRON DIFFRACTION OF THE AGGREGATE OF MINUTE 
CRYSTALS—A POSSIBLE MEANS TO DETERMINE THE 
CLEAVAGE SURFACE OF MINUTE CRYSTALS 
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This brief account shows the intensity change of electron diffraction 
ecurring in some inorganic substances with rising temperature. A high 
emperature camera, especially designed, was used to study iron oxide, 
chorium oxide, nickel, and magnesium oxide powder crystals. As shown 
n Fig. 1, the filament of nickel, platinum or tungsten was used as both 


bei 
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FILAMENT, im 
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1 
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: Fic. 1. 
in electric furnace and specimen holder, the filament being heated to high 
vemperature by means of direct current. Alternating current should not be 
sed, as oscillation of the electron beam takes place in the magnetic field. 
he preparation of the sample was carried out by immersing the hot 
4lament in a concentrated aqueous solution of salt (1), the crystalline 


sample thus obtained being suitable for the electron diffraction. 
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The electron beam grazes along the sample in the filament. The dif- 
fraction patterns were studied at room temperature and at the tempera- 
ture range 500°-6000°C., the temperature being estimated by observing 
the sample’s color. The results are given in each case. 


1. Iron Oxide 


The crystalline sample was prepared by bringing the tungsten fila- 
ment, heated to 500-600°C. by a current of about 2 A, into contact with 
a concentrated aqueous solution of ferric nitrate. The Debye-Scherrer 
diffraction patterns observed at room temperature (15°C.) and 500°C. 
showed formation of ferroso-ferric oxide (Fe3;0.4) crystals. Temperature 
elevation from 15°C. to 500°C., considerably weakened the (111) and 
(333) diffractions, while the others remained approximately constant. 
(cf. Table I). 


TABLE I 
Fe304 
dobs dx hihoha Tobs(15°C.) Tobs(500°C.) 

4.8A 4.85 111 w 3 
3.0 2.97 220 WwW Ww 
2.53 2.53 311 V.S v.s 
2.10 2.10 400 WwW Ww 
1.63 1.61 B25 s m 
1.48 1.48 440 m m 
1.28 1.28 533 Ww WwW 
1.10 1.09 553 m m 
0.970 0.970 751 w Ww 
0.858 0.859 844 Ww Ww 


dovs: Spacings observed in the present study. 

dx: spacings observed by X-ray diffraction (2, 3). 
hyhzh3: Miller indices. 

Iops(15°C.): diffraction intensities observed at 15°C. 
Tovs(500°C.): diffraction intensities observed at. 500°C. 
w: weak; v.s.: very strong; s: strong; 

m: moderate; f: faint. 


2. Thorium Oxrde 


The sample was prepared from an aqueous solution of thorium nitrate 
by a similar procedure. Again the diffraction patterns revealed crystals 
of thorium oxide (ThO:) (cf. Table II). Heating from 15°C. to 500°C., 


decreased the intensity of (311) diffraction, while the others remained 
constant. 
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TABLE II 
ThOz 
dobs dx (4, 5) hihohs Tobs(15°C.) I(50o0bs0°C.) 

3.2 A 3.22 111 s s 
2.83 2.80 200 w Ww 
1.98 1.97 220 Ss s 
1.68 1.68 311 s m 
1.28 1.280 331 w w 
1.14 1.140 422 Ww Ww 
1.07 1.074 333 Ww Ww 

8. Nickel 


The specimen was prepared from an aqueous solution of nickel nitrate 
or sulphate, and diffraction studied at 15°C. and 500°C., the patterns 
showing formation of nickel crystals with random orientation (cf. Table 
III). The intensity of diffraction from (200) and (220) at 500°C. was 


TABLE III 
Ni 
dobs dx (6, 7) hihohs Tobs(15°C.) Tobs(500°C.) 
2.0A 2.03 111 m m 
1.76 1.76 200 $s m 
1.25 1.244 220 v.S s 
1.08 1.061 311 m m 
1.02 1.017 222 w Ww 
0.803 0.808 331 s s 
0.788 0.788 420 m m 
0.719 0.719 422 w WwW 
0.678 0.678 333 Ww w 


distinctly less than that observed at 15°C., while that of other diffraction 
patterns remained approximately constant. 


4.. Magnesium Oxide 


Crystals were prepared by sputtering magnesium oxide smoke on the 
cleavage surface of galena and the diffraction studied at 15°C. and 300°C. 
Here, only the (200) diffraction intensity diminished abnormally. The 
electron microscopic image shows the MgO crystals to have an exact 
cubic form, 7.e., the (100) cleavage. As in the case of Fe3Ou, the cleavage 
face of MgO is identical with that of the same substance seen under the 
electron microscope. 
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5. Interpretation 


We understand from the theory of X-ray diffraction in crystals, that 
the diffraction intensity decreases with the elevation of temperature, the 
decrease being attributed to the atomic vibration in the crystal lattice. 
At a given temperature, the atoms in the cleavage surface vibrate more 
violently than those in the interior of the crystal. Thus, it is expected 
that the intensity of electron diffraction from the Bragg surface layers 
begins to decrease at a comparatively lower temperature as compared 
with the case of the electron diffractions from the inner Bragg layers. 

It has been confirmed in the present study that there are two kinds of 
d‘ffraction: (1) abnormal intensity decrease with rising temperature, (2) 
intensity remaining constant, independent of temperature. The corre- 
sponding Bragg layers therefore appear to (2) exist in the interior of the 
crystals. Table I shows only the intensity of the (111) and (333) diffrac- 
tions from the Fe;0, powder crystals decreases with the elevation of the 
temperature. The cleavage faces of a single crystal are (111) planes. 
As the single crystal of natural magnetite (Fe3;0,) has the octahedral form 
with cleavage surfaces of the (111) planes and their equivalent !, the sur- 
face of the Fe;0.4 powder crystals is identical with the cleavage faces of a 
single crystal of natural magnetite. 

Similarly, the cleavage surfaces of ThO: crystals are the (311) planes 
(cf. Table II) while the nickel crystals are (100) and (110) (cf. Table III). 
A similar relation likewise holds for MgO. By observation of intensity 
changes of electron diffraction at various temperatures, determination 
can, therefore, be carried out as to which planes are the cleavage faces in 
the dust crystals. | 

SUMMARY 


A special camera was constructed for the study of electron diffraction 
at high temperature, Fes0., ThO2; Ni, and MgO powder crystals being 
used. From the change of the intensity of diffraction from various planes 
taking place at various temperatures, the cleavage faces of the powder 
crystals can be determined. 
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‘ A single crystal of magnetite of octahedral form, one edge havi I 
: : a . ge having a length of about 
1 cm., was kindly supplied by Prof. J. Suzuki of Hokkaido Imperial University. 
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Aluminum dilaurate, AlIOHLe, shows a marked affinity for hydro- 
carbons. At high temperature and high dilution the soap may dissolve as 
very small micelles (5), forming sols. At low temperature, and at higher 
concentration, it forms swollen gels consisting of discrete lumps (1) in 
which the original soap crystallites are moistened and distended; and 
under intermediate conditions transparent, elastic jellies are formed which 
differentiate sharply from the gel but pass imperceptibly into the sol (4). 

The study of the sorption of cyclohexane vapor by aluminum di- 
laurate in‘a McBain-Bakr sorption balance (2) provides information at 
high soap concentrations, a range not easily accessible to other methods. 
Two consecutive isotherms were obtained with a sample of soap exposed 
at 50°C. to varying pressures of cyclohexane vapor. The curves are shown 
_in Fig. 1. The vapor pressure was increased from 9% to saturation, then 
reduced and again increased to saturation, and reduced again. The soap 
returned to its initial dry weight after both runs but showed marked 
differences during the course of the two isotherms. 

During the first isotherm the soap remained as a white powder 
throughout, but during the second run it became clear and transparent. 
This indicates that the soap formed a gel and remained as such throughout 
the first isotherm, but changed to a jelly during the second sorption, 
probably at a pressure equal to about 85% relative pressure. 

As is shown by the isotherms, the jelly not only sorbed a great deal 
more vapor at a given cyclohexane pressure than did the gel, but also 
exhibited marked hysteresis. The cycle for the gel form was perfectly 
reversible. The markedly lower vapor pressure of the jelly at the same 
composition shows that the gel was metastable up to at least 83% of 
soap at 50°C. 

1Study conducted under contract OEMsr-1057 between Stanford University and 
the Office of Emergency Management, recommended by Division 11.3 of the National 
Defense Research Council, and supervised by Professor J. W. McBain. 

2 Present address: Kenyon College, Gambier, Ohio. 
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4 
Whether gel or jelly, the soap sorbs a large amount of the solvent and | 
the isotherm presents no flat portions. This may be contrasted with the i 
very low sorption of water by the same soap (7). On the other hand, the 
behavior of the jelly form of the present soap is similar, for example, to : 
that of rubber, which sorbs hydrocarbon avidly and gives a smooth iso- — 
therm which is, however, always completely reversible (6). Many other 
jelly-forming colloids show a similar behavior. 
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Fie. 1. Sorption of cyclohexane by aluminum dilaurate at 50°C. 


The aluminum dilaurate employed in this study was the same ma- 
terial as that used in a previous study (7) of its water sorption. It was 
dried by evacuation for 5 hours within the sorption balance just prior to 
sealing. Cyclohexane was a middle cut, redistilled from Eastman Kodak 
Company No. 702 reagent grade material, m.p. 3-5°C. 

The silica spring technique will be described in detail elsewhere and 
was adapted from that already described (2, 3, 7). The time. allowed for 
equilibrium at each set of conditions was at least 24 hours. 
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SUMMARY 


Two sorption-desorption isotherms were determined at 50°C. for the 
system aluminum dilaurate-cyclohexane. During the first run the alum- 
-inum soap remained in the gel form, but a transition from the gel to jelly 
form occurred during the second sorption at 85% relative pressure. The 
jelly sorbed a great deal more cyclohexane at given vapor pressures than 
had the gel, indicating that the gel is metastable at least in the range 
-85-100% vapor pressure. Further, the jelly showed marked hysteresis 
| during the desorption. In general, the form of the isotherms is similar 
to that observed for other jelly-forming colloids. 
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Il. INTRODUCTION 


The longitudinal Young’s modulus £ for cylindrical tissues of higher 
plants was measured by using the equation E = a (8). This equation 
is only valid in the elastic range. The transverse modulus of elasticity y, 
with respect to bending, was found by using the equation in the elastic 


range 
F 


‘2 cross sect. een. 
d 
21 
In this equation Fg is the force which produces the deflection d em. for 
the cylindrical plant tissue of length 2/ cm. 

It would be a difficult problem to find the transverse Young’s modulus 
by using lateral extension, but there is a relatively simple method to find 
the transverse modulus of compression by measuring lateral compression 
of cylindrical plant tissues. 


II. MerHop anp RESULTS 


The apparatus used for obtaining the transverse modulus of com- 
‘pression was composed of a transparent lucite prism with rectangular 
cross section and a metal piston (Fig. 1). The piston loosely fits in the 
lucite prism. This piston has a platform at the top and a cm. scale in 
the lengthwise direction. At the bottom of the prism, a pile of cylindrical 
pieces of the plant tissue to be investigated is placed. The rectangular 
bottom of the piston has the sides a cm. and b cm. (Fig. 2). In each layer 


11 wish to thank the Samuel S. Fels Fund for the grant which has made it possible 
for me to carry out these investigations. I wish also to express my appreciation to Dr. 
William Seifriz, Professor of Botany at the University of Pennsylvania, for his kind 


cooperation. 
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of the pile there may be 3 pieces of the plant material. The pieces touch 
each other. Such a pile was observed in the case of petioles of Nymphaea. 
The transverse modulus of compression in the elastic range is 


stress 
numerical compression * 


The stress was found by using weight Fg on the platform. Then there is 


stress = oo , Where k must be determined for each plant tissue. It is 
alt 
kab : 
P= wy g/ cm.*, 


l 
where numerical compression = ; Lem. is length of the plant pile (Fig. 1) 


without force Fg applied, c cm. is the linear compression for the force Fg 
applied. 

An average value for the width in the circular cross section (radius r) 
of the eylindrical plant tissue is 3-2r. By taking into account air cham- 
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bers, in the case of Nymphaea, it was found necessary to substitute 
2r by 2-3b. Generally 2r is substituted by the length of the solid diam- 
eter. Hence, for a cylindrical piece of plant tissue the average width 
‘ 3-3°30 = 4-4b. The average width in a layer of the pile is 4-b. There- 
fore, the transverse modulus of compression for petioles of N ymphaea is 


F 
1 
ab 
y= rae g/em?. 


ie 


Generally, the transverse modulus of compression of cylindrical plant 


tissues is 
F 


kab 
(Pics Bra a 
Cc 


l 


‘In the special case of Nymphaea, k = }. 

Now, the elastic and plastic properties in the transverse direction of 
plant tissues investigated are determined by constructing force-com- 
pression curves. These curves were constructed for young stipes of 
Laminaria agardhii, petioles of Nymphaea gladstonia, stems of Brasenia 
schreberz, and branches of Salix babylonica. To obtain the curves we must 
measure force Fg and linear compression c cm. (Fig. 1). For small forces 
Fg we get compressions c cm. = e cm., which completely disappear when 
the force is removed. For greater forces Fg we obtain compressions which 
do not completely disappear when the force is removed. This compression 
c cm. is composed of two parts, an elastic compression ¢’¢m. and a plastic 
compression p cm.; therefore, c = e + p. c cm. and p em. are easily 
measured, and then e cm. is easily computed. If we plot a curve with 
Fg values as abscissas and c cm. as corresponding ordinates, we obtain 
the elasticity curve for the transverse direction. The elasticity curves for 
transverse direction of all tissues investigated are ascending curves, whose 
initial parts are straight lines. Fig. 3 shows the transverse elasticity 
curve in the case of stipes of Laminaria agardhit. If we plot a curve 
with Fg as abscissas and p cm. as corresponding ordinates, we get the 
plasticity curve for the transverse direction. In the case of stipes of 
Laminaria agardhii the straight line for this curve is obvious (Fig. 3). 
In the other cases, the straight line is more or less probable. The plas- 
ticity curve always intersects the F-axis at a point to the right of the 
origin. The ordinate of this point intersects the elasticity curve at the 
elastic limit. 

In transverse direction for all tissues investigated we find ascending 
elasticity curves and straight plasticity curves. 


g/cm? 
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Fig. 3. Elasticity curve—dashes 
Plasticity curve—solid line 
1 = elastic limit 
O = e are experimental points of the elasticity curve. 
xX = p are experimental points of the plasticity curve. 
(F, c) is a point of the plasticity curve. In this case c is plastic compression. 


Now it is possible to compute the transverse modulus of compression 


se 
o kab 


ans 2 
y F g/cm. 


1 
In the case of stipes of Laminaria agardhii, k = 3, because the whole 
cross section is solid.-At the elastic limit, Fig. 3 shows that F = fi = 50g¢., 
and c = 0.015 cm. Besides, there is 1 = 3.0 cm., a = 1.90 cm., and 
b = 0.78 cm. Hence, for young stipes of Laminaria agardhii the trans- 
verse modulus of compression is 
oe eee 
3-1.90 X 0.78 
=. Sees ee ee 5 2 
0.015 g/cm. 0.1 X 10° g/cm. 
3.0 
This value is also obtained as average value of several measurements. 


If compression is replaced by deflection with respect to bending, force- 
deflection curves of cylindrical plant tissues are obtained (3). 
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By using these force-deflection curves it was possible to compute the 
transverse modulus of elasticity, the transverse yield value with respect 
to bending, and the transverse coefficient of plasticity with respect to 
bending. In a similar way, by using force-compression curves (Fig. 3), 
it is possible to compute the transverse modulus of compression, the 
transverse yield value with respect to compression, and the transverse 
coefficient of plasticity with respect to compression. 

From Fig. 3 it is found transverse yield value with respect to com- 
pression 


where f; is the distance between the origin and the beginning of the 
plasticity curve. 
From Fig. 3 there is obtained the transverse modulus of compression 


phe 
v= kab ¢ jem? = fr g/cm.”, 


where c’ cm. is the linear compression at the elastic limit of the elasticity 
curve. 

Finally, from Fig. 3 the equation of the plasticity curve (straight line) 
is found to be 


c= gi(F — fi), 

where c cm. is compression with respect to the plasticity curve. 
cheapie Mies 
le cts kab 


gy’ cm.”/g. is defined as transverse coefficient of plasticity with respect 
to compression. It is 
c 


pee 2 
o1 as poe /g. 
kab 


(c cm. is related to the plasticity curve). 

In the case of stipes of Laminaria agardhii, k = 3 (previous deriva- 
tion). In the case of petioles of Nymphaea gladstoma, k = 3 (previous 
derivation). Because of a circular cross section and air chambers in the 
case of stems of Brasenia schrebert, k is found to be 0.38. Because of a 
circular cross section and observation of the xylem in the case of branches 
of Salix babylonica, k = 0.151. 
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The results of measurement and computation for cylindrical plant 
tissues are given in the following table. In this table 


yg/cm.2 = transverse modulus of compression ; 
fi’ g/cm = transverse yield value with respect to compression 
d:’ cm.2/g = transverse coefficient of plasticity with respect to com- 


pression. 
TABLE I 
Cyl. pl. tiss. v g/cm. fi’ g/em.? oy’ em.2/g 
Young stipes of Lam. ag. 0.11 « 105 1467.7 0.00003175 
Pet. of Nymph. gladstonia 0.12 x 105 1524 0.00004603 
Stems of Brasenia schreberi 0.07 « 105 732 0.00002825 
Branches of Salix babylonica 1.2 x 105 6165 0.000007808 


Ill. Discussion 


There are two systems of elastic and plastic values which have a 
bearing on results about the submicroscopic structure of cylindrical 
tissues of higher plants. 

In the first system the structure is related to the longitudinal Young’s 
modulus £, to the transverse modulus of elasticity with respect to bend- 
ing », and to the transverse coefficient of plasticity with respect to 
bending ¢ (3). 

In the second system the structure is related to the longitudinal 
Young’s modulus £, to the transverse modulus of compression », and 
to the transverse coefficient of plasticity with respect to compression ¢y’. 
The elastic and plastic values of the second system are defined for a pile 
of cylindrical plant tissues. 

According to Treitel (4) the submicroscopic structure in secondary 
cell walls of higher plants is determinable by the percentage of cellulose 
and the ratio of crystalline and amorphous cellulose. The result was 
found by using the elastic and plastic values of the first system. 

For the second system, Table I shows that stipes of Laminaria 
agardhit, petioles of Nymphaea gladstonia, and stems of Brasenia schreberi 
have the same small transverse modulus of compression 0.1 X 10° g/cm.” 
This supports the theory that for rubber-like elastic cylindrical plant 
tissues there is weakness in transverse direction. Between the chains of 
cellulose weak van der Waals forces are acting. The van der Waals forces 
are distance forces, 7.e., they are not produced by chemical bonds. Hence, 
it is to be understood that for different rubber-like elastic cylindrical 
plant tissues there is the same value 0.1 X 10° g/cm.2 of the transverse 
modulus of compression. 
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By using the first system values of the longitudinal Young’s modulus 
E, of the transverse modulus of elasticity with respect to bending u, and 
of the transverse coefficient of plasticity with respect to bending ¢, other 
structural results are found. 

For cylindrical plant tissues it is reasonable that the higher the value 
E of Young’s modulus in length direction, the higher is the modulus of 
elasticity « in transverse direction and the smaller is the coefficient of 
plasticity ¢. Hence there is the equation 


K= me 
where m is a constant, or 

E 

—o =297)) 

b 


For proving this equation the following table is used (3). Petioles of 


TABLE II 
Cyl. pl. tiss. = ¢em.2/g 26 em.2/g 
Petioles of Nymphaea 3 0.00000673 0.00002 
Rhiz. of Equisetum fluviatile 4 0.000002016 0.00001 
Stems of Brasenia schreberi 8 0.000003196 0.00002 
Roots of Rhus glabra 14 0.000001293 0.00002 
Branches of Salix 33 0.00000319 0.0001 


Nymphaea, rhizomes of Hquisetum fluviatile, stems of Brasenta schreberi 
and roots of Rhus glabra are rubber-like elastic cylindrical plant tissues. 
For these tissues m = 0.00002 cm.?/g, 


E = 0.00002 ; cm.?/g. 
The elementary process of elastic and plastic expansion takes place in 


molecular or micellar dimensions. There is a relation between the equa- 


tion Bes = m for rubber-like elastic cylindrical plant tissues and sub- 
yb 


microscopic structure of cell walls. The ratio of moduli of elasticity * 


is probably related to the crystalline domain of the submicroscopic 
structure, the coefficient of plasticity ¢ is probably related to the amor- 
phous domain of the submicroscopic structure. 


The equation ue -¢ = m suggests that there is a similar submicro- 
y 


scopic structure in cell walls of rubber-like elastic cylindrical plant. tissues. 
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According to Kubo (1), for rubber-like substances, elastic modulus 
and double refraction depend upon characteristic properties of polymers 
and network structure. This conclusion supports our result that elasticity 
and plasticity of plant tissues are closely related to the submicroscopic 
structure. 

There is a distinction between the stress-strain curves of living cylin- 
drical tissues of higher plants and the stress-strain curves of dead metallic 
rods. This distinction is related to a distinction of structure in both cases. 

(a) Rubber-like elasticity in cylindrical tissues of higher plants occurs 
if the stress-strain curve is S-shaped. A small stress produces a large 
strain. The average secondary cell wall contains more amorphous than 
crystalline cellulose (3). There is a molecular network structure and 
some micelles of cellulose in the average secondary cell wall. 

(b) Metal-like elasticity in cylindrical tissues of higher plants occurs 
if the stress-strain curve is a straight line with a tail. A rather large stress 
produces a rather small strain. The average secondary cell wall contains 
more crystalline than amorphous cellulose. There is a molecular network 
structure of cellulose and many micelles in the average secondary cell wall. 

(c) Elasticity in metal rods occurs if the stress-strain curve is a 
straight line with a more complicated tail than in case (b). In case (c) 
a large stress produces a small strain. If the metal is crystalline, the 
material contains a crystalline lattice. 

By using equations we get a better understanding of the cases (a), 
(b), and (ec). 

The equation of the S-curve in (a) or, more accurately, of the elastic 
part of the curve is stress o = G (« — =) , where a = 1 + strain ¢ (3), © 
o is small, and é is large. 

The equation of the straight line in (b) iso = G (1 +e- a5) : 
where o is rather large and ¢ is rather small. 


~ nina dubs Vitae ade Ws aioe 
o=G(1+e reece) a(t +e TER) = OU +e-14 20. 


o 


ll 


3Ge is the equation for the straight line in the elastic range. The 
equation of the straight line in the elastic range of (c) is ¢ = Ee, where 
E is Young’s modulus, ¢ is large, and ¢ is small. This equation represents 
Hooke’s law for the elasticity of solids. 

Living cylindrical tissues of higher plants have the elastic behavior 
represented in cases (a) and (b), dead metallic rods have the elastic 
behavior represented in case (c). According to Luyet (2) solidification 
of protoplasm in the amorphous state does not kill protoplasm whereas 
crystallization is lethal. In the average secondary cell wall of cylindrical 
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plant tissues layers of crystalline and of amorphous cellulose alternate (4). 
Hence, it may be assumed that life for cylindrical plant tissues is only 
possible if the ratio of crystalline and amorphous cellulose in the average 
secondary cell wall is small enough. According to as yet unpublished re- 
sults, this ratio increases with age. Death in plants occurs if the ratio be- 
comes too great, or if the ratio of the longitudinal modulus of elasticity 
and the transverse modulus of elasticity becomes too great. In the case of 
Equisetum fluviatile rhizomes death may occur if the elastic ratio becomes 
greater than 6.2. Then the submicroscopic structure of this dead rhizome 
contains a great deal of crystalline cellulose. 


IV. SummMary 


1. The transverse modulus of compression for rubber-like elastic 
cylindrical plant tissues has the small value 0.1 X 10° g/em.? 

2. Van der Waals forces between the chains of cellulose in the sec- 
ondary cell walls of rubber-like elastic cylindrical plant tissues are small 
and are only dependent on distance. 

3. Elasticity, plasticity, and submicroscopic structure of average sec- 
ondary cell walls in rubber-like elastic cylindrical plant tissues are closely 
related to each other because of the same elasticity-plasticity equation 


for these tissues <6 = m. In this equation is m = 0.00002 cm.?/g, is 


the elastic ratio, ¢ is the transverse coefficient of plasticity with respect 
to bending. 

4. Living cylindrical tissues of higher plants have stress-strain curves 
which are S-shaped, or straight lines with a simple tail. In the secondary 
cell walls of these tissues crystalline and amorphous layers of cellulose 
alternate. Death occurs if the amount of the crystalline layers is too 
great. Dead metallic rods have stress-strain curves which are straight 
lines with a complicated tail. These metals may have a crystalline lattice 
structure. Hence, it may be assumed that a large amount of crystalliza- 
tion in cylindrical plant tissues means death. The life conditions are 
related to the amorphous layers of cellulose in cell walls which have a 
molecular network structure. 
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Notre To THE EprITors 


HIGHER ORDER TYNDALL SPECTRA 
WITH BACTERIAL SUSPENSIONS } 


Recently it was reported (1) that when supernatants obtained in sero- 
logical precipitation experiments involving SI, the type-specific capsular 
polysaccharide of Type I pneumococcus, and a polyvalent antipneumo- 
coccus I and II horse serum were allowed to stand in the refrigerator for 
several days there gradually developed an additional turbidity; at the 
same time it became possible to demonstrate with the turbid supernatants 
the optical effects which have been called ‘higher order Tyndall spectra’’ 
(2). Since controls, consisting of antiserum devoid of antigen and antigen 
devoid of antiserum, remained clear and spectrally negative during the 
experimental period, the spectral scattering of the turbid supernatants 
was attributed to the presence of a relatively monodisperse immuno- 
chemical precipitate which had formed slowly at low temperature. At 
approximately 1000 magnifications the suspended substance of the super- 
natants appeared to consist predominantly of apparently spherical parti- 
cles with a diameter of approximately 1 wu. 

There was possible, however, an alternative interpretation, namely, 
that the suspended material consisted of bacteria which succeeded in 
growing in the antiserum when the two serological reagents were mixed. 
To test this possibility we inoculated fresh samples of the spectrally nega- 
tive antiserum with small portions of the serological supernatants and 
observed that appreciable bacterial growth occurred within 1 day at 
37°C.; moreover, the bacterial suspensions obtained in this way were 
spectrally positive. On the other hand, control samples of antiserum, 
which were not inoculated, remained clear and spectrally negative during 
this period, as did inoculated samples which were covered with toluene 
and kept at 37°C., and inoculated samples, with or without toluene, 
which were kept in the refrigerator. In addition, we found that samples 
of proteose-peptone nutrient solution which were inoculated with the 
spectrally negative stock antigen solution became turbid and spectrally 
positive in 2 days at 25°C. and in 3 days at 37°C. With respect to inten- 
sity of spectra and number of spectral orders, some of these bacterial 
suspensions resembled the serological supernatants, while others dis- 

1 This investigation was supported by a grant from the U. S. Public Health Service 


to the California Institute of Technology. 
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played spectra which were considerably weaker and less abundant; no 
precise quantitative comparisons were carried out. 

Extending these observations, we found that the spectral scattering 
was not unique to the bacterial contaminants of our serological reagents, 
but that every one of approximately a dozen different kinds of bacteria 
which we examined possessed this remarkable property, Of these bacteria, 
which included E. coli, B. subtilis, Type 1 pneumococcus, S. lutea, a bac- 
terium resembling P. lepiseptica, and several unidentified forms, mostly 
bacilli, the most satisfactory were EH. coli and B. subtilis, with each of 
which it was possible to observe 3 or 4 spectral orders, and the least satis- 
factory was S. lutea, with which only a faint first order could be discerned. 
With EZ. coli and B. subtilis it was possible to demonstrate a beautiful 
spectral phenomenon within 4-5 hours after inoculation of a relatively. 
colorless proteose-peptone medium. Later, as the bacterial growth became 
massive, the intensity of the spectra was diminished and could be im- 
proved by dilution of the dense bacterial suspensions with saline. 

In addition, we were able to observe a striking spectral phenomenon 
with thin colonies of several of the bacteria on agar, as well as with bac- 
terial sediment deposited along the wall of a centrifuge tube and with 
bacterial films which formed at the surface of inoculated nutrient medium. 

We have decided to report these qualitative observations since it 
appears unlikely that we shall be able to continue this investigation in the 
immediate future. 
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ABSTRACTS * 
(By W. H. Markwood, Jr.) 


COLLOID SCIENCE AND RHEOLOGY 


Ernst A. Hauser 
Massachusetts Institute of Technology, Cambridge, Mass. 


Professor Hauser’s discussion of the dependence of interpretation of certain rheo- 
logical phenomena upon an understanding of the colloidal structure of many materials 
provoked interesting response from the audience. He pointed out that a tendency 
toward description of rheological processes by mathematical functions alone would not 
necessarily solve the flow characteristics of all systems. It is his belief that many of the 
properties of colloids that contribute to anomalous flow behavior cannot be described 
by mathematical functions but are dependent on the individual nature, size and surface 
charges of the particles involved. As he stated in part “Thixotropy, rheopexy and 
dilatancy also depend on the morphology of the colloidal micelle or (in other words) 
‘on the composition of their surfaces and the properties based thereupon. This cannot 
be expressed in mathematical terms.” Furthermore, ‘How can a purely mathematical 
concept explain that a gelatin gel is elastic if one only takes the configuration of the 
gelatin molecule into consideration, or that the low molecular weight fraction of natural 
rubber is not elastic but is a very viscous fluid and its high molecular weight fraction, 
in contrast thereto, hard and brittle?’ He is convinced that “—colloidal phenomena 
cannot be harnessed by rigid mathematics.” 


THEORY OF PLASTIC FLOW VERSUS THEORY OF 
PLASTIC DEFORMATION 


W. Prager 
Brown University, Providence, Rhode Island 


Plasticity theories for metals in the strain hardening range can be divided into two 
groups: plastic deformation and plastic flow (1). Theories of the first group assume 
that, during continual loading, the state of strain is uniquely determined by the state 
of stress, whereas theories of the second group assume the increment of strain is uniquely 
determined by the existing stress and the increment of stress. 

Under the circumstances of the customary methods of testing, it should be pointed 
out that, for so-called neutral changes of stress, the former leads to difficulties which do 
not arise with the latter. A neutral change of stress occurs when the stress components 
are varied so that the principal stresses preserve their values while the principal stress 
directions rotate with respect to the stressed material. A neutral change of stress can 
be considered as a limiting case of either loading or unloading. 

It seems reasonable to demand that the stress-strain relations for both loading and 
unloading should predict the same change when applied to a neutral state of stress. 

In this paper Professor Prager’s clear and concise theoretical deductions show that. 
the stress-strain relations of the plastic flow concept fulfill this condition whereas the 
deformation theory does not, despite Ilyushin’s argument. 

This complete paper will appear in an early issue of The Journal of Applied Physics. 


REFERENCE 
1. Terminology introduced by Ilyushin; Prikladnaia Matematika 1 Mekhanika, 9, 207 
(1946). 
* These papers were presented at the Annual Meeting of the Society of Rheology, 
New York, October 31-November 1, 1947. 
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BOOK REVIEWS 


Surface Chemistry for Industrial Research. By J. J. Brxerman, Merck Research 
Laboratories, Rahway, N. J. 464 pages and 153 figures. Academic Press, Inc., New York, 
N. Y., 1947. Price $8.00. 

Dr. Bikerman has prepared a book which will be found very useful for physicists, 
chemists, and biologists in the field of pure science as well as by those engaged in in- 
dustrial research. While the book contains in principle much that is familiar to students 
of Freundlich’s Kapillarchemie, it goes into greater detail of exemplification which many 
readers will welcome, and includes discussions of results very recently published. The 
reviewer is impressed by the many references to the literature of the present decade. 

Those who are interested in problems involving interfacial phenomena will find this 
book enjoyable and stimulating to read, as well as a valuable reference shelf volume. 
Dr. Bikerman has, through his labors, rendered a valuable service to colloid science. 

Artuur W. Tuomas, New York, N. Y. 


Modern Colloids. By R. B. Dean, Assistant Professor, University of Oregon. 
303 pp. D. Van Nostrand, New York, 1948. Price $3.75. 


“This book is designed to serve as an introduction to the behavior of colloidal ma- 
terials. It is based on a course for undergraduate students who intend to specialize in 
chemistry, biology, medicine, or agriculture. In many schools colloid chemistry, if it is 
given at all, is reserved for graduate students, and the average undergraduate may 
justly complain that chemistry does not tell very much about the things he sees outside 
the classroom.” 

“Colloid chemistry has made great strides in the past ten or fifteen years, which may 
be said to mark the coming of age of the science. It has also given rise to at least one 
lusty offshoot, polymer science, which is already a respectable science in its own right: 
so respectable in fact that some polymer chemists refuse to admit that they deal with 
colloids. This attitude undoubtedly reflects the bad repute into which colloid chemistry 
had fallen. Colloids was once a synonym for complex terminology and unpredictable be- 
havior. Although it is still necessarily complex we are beginning to see our way clearly 
and much of the dead wood is being cleared away.” 

This quotation from the author’s preface states his viewpoint. The matter is ele- 
mentary and the treatment does not require more than introductory short. courses in 
physics and organic chemistry as prerequisites. The book is copiously illustrated with 
diagrams and photographs, with only one table of data. The author recognizes that 
his book may not represent an adequate survey of colloid chemistry, but the readers to 
which it is addressed are hardly mature enough for a comprehensive survey. The student 
whose interest has been aroused will find ample references to monographs at the end of 
each chapter to satisfy his needs. He will then perceive the need of securing a thorough 
foundation in the quantitative aspects of physical chemistry and physics if he intends to 
proceed in colloid science. 

It would be very helpful if the references in basic physical chemistry had not been 
restricted to one text but had directed the student to examine several of the other well- 
known texts. A set of elementary questions and problems on each chapter and a good 
index are included. 

Victor K. LaMemr, New York, N.Y. 
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DISTRIBUTION OF MOLECULAR WEIGHTS 
OF PECTIN PROPIONATES 


Harry S. Owens, Jackson C. Miers and W. Dayton Maclay 


From the Western Regional Research Laboratory,! Albany, Calif. 
Received March 30, 1948 


INTRODUCTION 


Knowledge of the average molecular weight and its distribution in 
pectin is of considerable importance to both theoretical and practical 
aspects of pectin chemistry. Such knowledge can be applied as a test of 
validity to many of the equations and theories currently being developed 
for high polymers and can be used as a point of attack in the study of the 
nature of “‘protopectin.”’ Practical importance lies in the fact that weight 
average molecular weight (M.,) controls the viscosity of pectin solutions, 
thereby affecting processing characteristics, while number average mole- 
cular weight (M,,) may control its gel properties and largely determine 
its economic value. It is hoped that this type of study will permit funda- 
mental examination of raw materials in an effort to find sources of less 
heterodisperse pectin of good gelling qualities; further, it may be useful 
in the modification of processing conditions to produce less heterodisperse 
material. 

There are advantages in fractionating the original material, but the 
electrolytic properties of pectin necessitate working with buffered solu- 
tions (1) when determining molecular weights. With low-methoxyl pectin 
products, these charge effects cannot be counterbalanced, except by a 
large excess of salts, when the pectin becomes only slightly soluble. In 
the course of this investigation many fractionations were attempted by 
solvent precipitation or extraction, but in each case degradation of pectin 
occurred. Because of these difficulties, investigators have preferred to 
fractionate derivatives of pectin, and the most extensive work has been 
done on the nitrate. The nitrate has two drawbacks: (a) the nitration 
technique must be carefully controlled to prevent nitration from proceed- 
ing to differing degrees, causing marked changes in the physical properties 
of the product (2) as has been noted with other polysaccharide nitrates 
(3), and (b) nitration is so drastic that some degradation is certain to occur. 


1 Bureau of Agricultural and Industrial Chemistry, Agricultural Research Adminis- 
tration, U. S. Department of Agriculture. 
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Schneider and Fritschi (4) fractionated pectin nitrate prepared from sugar 
beet pectin. Speiser and Eddy (5) have done similar work with apple 
pectin nitrates and have shown that careful treatment reduces degrada- 
tion. 

The propionates were used in the present study because acylation can 
be performed under very mild conditions. Their molecular weights at 
various methoxyl contents were measured, they were fractionated ac- 
cording to molecular weight, the gel grades of the original pectins were 
determined and compared to molecular weights averaged in different 
ways, and the applicability of several equations to the data was examined. 


EXPERIMENTAL 


The pectins used were prepared by methods previously described 
(6, 7, 8) and, in most cases, are the same samples used to study mobilities 
(9) and film properties (10). Their source, method of de-esterification, and 
analytical properties are given in Table I. They were converted to the 


TABLE I 
Description of Pectins Used in This Investigation 


Sample no.@ Source Uronic anhydride Intrinsic viscosity 

per cent dl./9. 

11.3 Lemon 84 9.6 
10.1 | Lemon (comm.) 85 4.0 
9.8 Apple 84 3.9 
7.2E Lemon 80 5.3 
5.4E Lemon 80 5.2 
4.5E Lemon 80 4.3 
3.5B Lemon “87 3.2 


C The number represents methoxyl content and the letter designates the method of 
de-esterification: B = base (7), E = enzyme (6). 


proptonates by the method of Carson and Maclay (11). Since it has been 
shown that the methoxyl content does not change during acylation (12), 
the decrease in methoxyl was considered a measure of degree of propiony- 
lation, and modified Zeisel determinations (13) were used to measure the 
extent of acylation. The propionyl content averaged about 90-95% of 
theoretical, based on methoxyl content, and recovery was about 90% of 
theoretical. 

The samples were fractionated by adding petroleum ether (b.p. 63.3— 
70°C.) to 2% solutions of the propionate in dioxane until a cloud point 
was obtained at the initial temperature. This temperature was maintained 
for at least 1 hr. after the last addition of precipitant or solvent to insure a 
close approach to equilibrium for the faint cloud point. The temperature 
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of the system was then lowered in a water or air bath and maintained at 
the lower temperature for at least 18 hrs. The precipitate was centrifuged 
at that temperature in a constant-temperature centrifuge, the supernatant 
liquid was decanted, and the process repeated. The last fraction of each 
series was obtained by evaporation of the liquid. Fraction II of sample 
P.11.3-3X was so large that it required refractionation to obtain more 
homogeneous material. These fractions are designated II,, Ile, and IT; 
in Table IV. The combined fractions of each sample weighed about 5% 
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Fic. 1. Log of the ratio of specific viscosity to concentration. plotted against con- 
centration in g. of pectin propionate/100 ml. of acetone solutions. O represents P11.3- 
3X-I],1; 0,-IV; A, P9.8-1X-I/; 4,-IV; A,-VI; ©, P3.5-1X-III; ©,-XI. Fraction numbers 
are the same as those used in Table IV. 


less than the initial weight, and a proportional correction has been ap- 
plied to increase the combined weight to 100% of the total. 

Viscosities of acetone solutions were measured in Ostwald-Cannon- 
Fenske pipets which were used and calibrated previously (1), and the 
intrinsic viscosity was obtained from the intercept of the log (s/c) vs. 
c plot in which the concentration (c) is expressed in g. of solute/100 ml. 
of solution. Typical curves obtained with various fractions of pectin 
propionates described in Table IV are shown in Fig. 1. The temperature 
at which measurements were taken was 25°+0.03°C. 
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Osmotic pressures of the acetone solutions were measured in stainless- 
steel cells slightly modified from the previous description (14). These 
modifications consisted of sealing of glass parts to metal through Kovar 
alloy and sealing of 2-mm. capillary filling arms by means of drill rod and 
pools of mercury as recommended by Zimm and Myerson (15) for an- 
other type of osmometer. Some difficulty had been encountered in ob- 
taining tight seals around the membrane and the latest version of the cell, 
illustrated in Fig. 2, has eight sealing bolts, since it was found that a 


Fic. 2. Unassembled osmometer. Drill rods fit tubes with funnels. 


slight amount of buckling resulted with fewer bolts, as was noted also by 
Goldblum (16). To reduce the flow of solvent through the membrane 
gasket, the cells were placed in a container of xylene in a water bath. 
Membranes were prepared from No. 600 PT Cellophane swelled in 3% 
sodium hydroxide at 15°C. for 30 mins. The alkali was removed by con- 
tinuous washing with distilled water for at least 1 hr., followed by soaking 
in 50% acetone-water for at least 1 hr. and then soaking in pure acetone 
1 hr. or longer. The porosity of cellulose membranes is readily controlled 
by regulation of the concentration of the sodium hydroxide, since in- 
crease in alkali concentration increases the porosity. Molecular ‘weights 
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were calculated from the intercepts of the pressure/concentration vs. 
concentration curves. Typical curves obtained with various fractions 
described in Table IV are given in Fig. 3. 

Preparation of pectin gels at pH 2.5, the measurements of shear 
moduli by means of a rigidometer, and conversion to gel grades, have 
been described completely elsewhere (17). 


~~ 
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Fic. 3. Change in-ratio of osmotic pressure in cm. of water to concentration with 
change in concentration expressed in g. of pectin propionate/100 ml. of acetone solution. 
© represents P11.3-3X-IIi; ©,-III; Z\, P9.8-1X-III; 4,-IV; a,-V; 9,P3.5-1X-I; ©,-III; 
@, whole sample. Fraction numbers are the same as those used in Table IV. 


RESULTS 


Propionylation is very mild and it was assumed that pectin, like other 
polysaccharides, would not be degraded by the treatment. Two experi- 
ments (Table II) indicated that this assumption is unwarranted. The 
extent of degradation during the first acylation was measured as shown 
in Table III. Later work has shown that part of the degradation occurs 
during isolation, when acid, which prevents formation of pyridinium 
pectinate, is used. A small amount (2%) of low-molecular-weight ma- 
terial was lost in the alcohol washes. 

To establish molecular-weight heterogeneity, but not the form of the 
distribution curve in linear polymers, it is unnecessary to fractionate the 
samples if the relationship between intrinsic viscosity and molecular 
weight is known. Measurements of viscosity and osmotic pressure can 
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TABLE II 


Effect of Repeated Propionylations on the Viscosity 
of Acetone Solutions of Pectin Propionate 


Preparation [n] 
dl/g. 
PPS eae 2.87 
2X 2.51 
3X 2.26 
P9.8 1X 1.33 
2X 1.08 


« P refers to the propionate; 1X, etc., to the number of acylations. 


TABLE III 


Effect of Time of Propionylation on the Viscosity and Methozxyl 
Content of Pectin Propionates (Sample Number P10.1) 


Hours of 


acylation ee ; eo 

2 6.90 1.73 

4 6.52 Neral 

8 6.64 1.62 
Theoretical 6.1 2.00¢ 


2 Table VI gives the calculated molecular weight of the pectin propionate derived 
from sample 10.1. From the [n] vs. M curve, a value for [1] was obtained. 


be used to calculate values for viscosity average molecular weight (which 
in many cases is identical to weight average molecular weight) and 
number average molecular weight. These two together are measures of 
the heterogeneity of the sample. One requirement that must be fulfilled 
with pectin propionates is that the degree of esterification of both the 
alcohol and carboxyl groups is consistent. To refer results to the original 
pectin, it is necessary that an undegraded propionate be studied. The 
results of 3 fractionations are shown in Table IV. The methcxyl content 
of the fractions of each sample showed no significant trend; therefore, it 
has been assumed that no fractionation according to degree of esterifica- 
tion-has been obtained and that esterification is completely random. The 
first and last fractions of P11.3-3X and P9.8-1X had lower methoxyl 
contents than those of the other fractions. These were the only exceptions. 
If it is assumed that the individual fractions are sufficiently homogene- 
ous that the molecular weights averaged differently are the same, it is 
possible to calculate molecular weights for the original samples and to 
compare them with observed values. The results of such calculations are 
given in Table V. The small differences between the observed and cal- 
culated values indicate that the methods used are fairly reliable and that 
viscosity average and weight average molecular weights are identical. 
Table VI compares gel grades with molecular weights (1, 14) of 3 
high-methoxyl pectins. (Molecular weights of the corresponding propi- 
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TABLE IV 


Yields, Intrinsic Viscosities, and Number Average Molecular Weights 
of Fractions of Various Pectin Propionates 


Fraction no. Temp. interval Yield [n] Man 
or per cent dl/g. 
P11.3-38X 
I Incompletely soluble 2.62 2.78 160,000 
(soluble portion) | (soluble portion) 
Ii, 25-15 38.0 3.27 158,000 
Il, 15-1 3.95 2.94 155,000 
TI Residue of fraction II 19.0 2.20 115,000 
III 25-1 17.8 2.14 103,000 
IV 25-1 1.8 1.00 55,000 
Vv Residue 16.8 1.01 39,000 
P9.8-1X 
I Incompletely soluble 0.3 — — 
II 30-15 23: 2.35 122,000 
lil 30-15 22. 1.90 102,000 
IV 30-15 20. 1.38 75,000 
Vv 30-15 1D.5 1.03 56,000 
VI 30-1 12. 0.71 39,000 
VII Residue 11.5 0.31 21,000 
P3.5-1X 
I 30-18 12.8 1.02 47,000 
1A 25-18 15.5 0.91 40,000 
Ill 25-18 9.1 0.81 36,000 
IV 25-18 3.8 0.81 36,000 
Vv 35-19 8.5 0.81 36,0002 
VI 35-19 4.8 0.73 33,000 
Vil 40-19 4.8 0.66 31,000 
Vill 45-19 4.4 0.66 33,000 
Ix 35-6 5.0 0.55 25,0002 
x 35-6 4.0 0.55 25,0002 
XI 35-2 4.2 0.51 24,0002 
XII 40-2 2.3 0.45 21,000 
XIII 40-2 3.5 0.40 18,0002 
XIV Residue 17.4 0.30 14,0002 


¢ From interpolation of curve of [7] vs. M,, values. 


onates are given in Table VIII.) Although samples 10.1 and 9.8 were 
reported previously (13), there has been a decrease in weight average 
molecular weight. (and methoxyl content), while the gel grade has re- 
mained nearly constant. This is further evidence that number average 
molecular weight is controlling gelation characteristics. A definite con- 
clusion will be held in abeyance until more samples have been examined. 
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TABLE V 


Comparison of Number and Weight Average Molecular Weights of Pectin 
Propionates Observed and Calculated from the Distribution Curves 


De 


Mn 
Sample Mviscosity Mu cale’d 
Cale’d Observed 
P11.3-3X 120,000 118,000 91,000 95,000 
P9.8-1X 70,000 79,000 58,000 55,000 
P3.5-1X 33,000 31,000 27,000 30,000 
TABLE VI 


Variation of Gel Grade with Molecular Weight Averaged in Different Ways 


Pectin 
Sample no. Gel grades 
Mn Mey 
11.3 260 40,000 115,000 
10.1° 200 33,000 64,000 
9.8? 170 27,000 61,000 


@ Gel grade is defined, in this case, as the amount of sugar gelled by a unit weight of 
pectin to form a 65% solids gel with a shear modulus of 3 g./cm?. 

> Sample 10.1 is the same as appears in Ref. 10 and in Ref. 18 as No. 10.7; while 9.8 
is the same sample reported as 10.9 in previous publications including Refs. 1 and 10. 
The change in viscosity and methoxyl content is due to degradation occurring during 
storage and redrying. 


Lansing and Kraemer (19) derived an equation to describe the dis- 
tribution of molecular weights in heterogeneous polymers based on the 
assumption that small molecular weight fractions are absent. The dis- 
tribution curve satisfying this condition is logarithmic and the equation 
is: 


1 
Aw/W = ——=.e7 (1/8) In M/Mo)? 
/ Tare AM, 


where Aw is the weight of the fraction which has a molecular weight in the 
range AM, 6 is a constant defined by any pair of molecular weight aver- 
ages, ¢.g., Mu/M, = e°-**, M is the mean molecular weight in the range 
defined by AM, and M, is the molecular weight at the maximum of the 
molecular weight-distribution curve and may be defined by the quation 
M,,/M, = 9-758, 

Application of the equation to one of our samples is shown in Fig. 4, 
which also includes a histogram constructed from the observed fractiona- 
tion. The lack of agreement is apparent, indicating that the molecular 
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weights of pectin are not distributed logarithmically about the mean 
value, which is not surprising since the equation is restricted to a particular 
form of distribution curve. Similar calculations based on the work of 
Speiser and Eddy (5) show similar deviations between observed and 
calculated values. A plot of our data on probability paper indicated that 
the distribution is Gaussian. The integral curves drawn on that assump- 
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Fic. 4. Histograms constructed from the data on fractionation of various pectin 
propionates. — is P11.3-3X; —-——, P9.8-1X; —--—-- , P38.5-1X; —---—--- ; 
curve representing P11.3-3X constructed from distribution equation of Lansing and 
Kraemer (19). 


tion are shown in Fig. 4 for each of the samples, and correspond well with 
the histograms. The values for the dispersion of the probability curves 
(root mean square of the deviation from the arithmetic mean, which is 
the weight average molecular weight in this case) is 45,000, 43,000, and 
11,000 for samples P11.3-3X, P9.8-1X, and P3.5-1X respectively. The 
ratios of M,, to M, are 1.26, 1.29, and 1.07 for the corresponding samples, 
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showing that the dispersion is controlled by that ratio, but the data are 
insufficient to derive a general equation from that assumption. 

The extraction and isolation of pectin apparently involve some 
degradation, which decreases the molecular weight heterogeneity as 
compared to that obtained during synthetic reactions (20). 

If 7, for the various fractions, which are assumed to be homogenous, 
is plotted against [7] it is found that a straight-line relationship is ob- 
tained showing that a in the equation, [y] = KM? is 1 and permits 
direct calculation of K. If the reciprocal of K is used, the equation for 
propionates prepared from high-methoxyl pectins examined is: MM. = 
5.3 X 104 [7] and for the low-methoxyl it is M, = 4.6 X 104 [7]. The 
decrease in the slope of the line with decrease in methyl] ester content is 
apparently due to a change in solute-solvent interaction effects, discussion. 
of which may be published later. The values for the slopes appear to be 
close to those calculated for the nitrates (5). 

These propionates are one of the few polymeric systems which follow 
the simplest form of Staudinger’s equation over a range from 20,000 to 
150,000. The linearity of the curves suggests that Simha’s equation for 
the viscosity of solutions of elongated ellipsoids might apply in this case 
as well as to pectin in aqueous buffered solution (14). 

This equation (21) yields values for the ratio of length to diameter of 
the solute molecules directly from the intrinsic viscosity expressed in 
ml./ml. The diameter of the molecule can be calculated from the partial 
specific volume (0.81 ml./g. for pectin propionate in acetone), the weight 
of the repeating unit (300), its length (4.3 x 10-8 cm.) and Avogadro’s 
number. A cylindrical shape for the molecule has been assumed. In Table 
VII are assembled some data for various polysaccharides. These indicate — 
that there is some flexibility in the galacturonide chain, and that the 
measured length of the extended chain is longer than the average effective 
length as the molecule exists in solution. The increase in the ratio of the 
measured molecular weight to that calculated from the above equation is 
indicative of the increased tendency of the longer chains to coil (21). 

From the equation (21) 

L/D = CZ?, 


where Z is the degree of polymerization, p is a flexibility parameter, and 
L/D is the ratio of length to diameter calculated from Simha’s equation 
for viscosity of solutions of elongated ellipsoids, values for p have been 
calculated and are included in Table VII. Only the value for pectin is 
different to a marked degree, but even so, the exponent, “a” in the [7] 
vs. M curve, is 1.7 times ‘““p” as empirically determined by Simha for a 
variety of compounds (21). It is assumed that relatively rigid chains 
cause these high values for p, although they are apparently influenced 
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TABLE VII 


Observed Molecular Weights Compared to Values 
Calculated from Simha’s Equation 


Values for the flexibility parameter (p) (21) and the exponential (a) (21) in [ny] vs. 
M curve are included. 


Substance Mw Ms a p 

Pectin propionate 155,000 50,000 1 0.61 
Pectin propionate 55,000 27,000 

Pectin propionate (low methoxyl) 47,000 27,000 | 1 0.56 
Pectin propionate 36,000 23,000 

Pectin (18) 115,000 56,000 1.34 0.79 
Pectin (13) 27,000 17,500 

Galactomannan acetate (22) 290,000 51,000 = = 
Cellulose nitrate (3) 231,000 51,000 1 0.60 
Corn amylose nitrate (23) 64,000(M,)} 16,000 — — 
Corn amylose acetate (24) 108,000 17,000 0.97 — 


by solute-solvent interaction effects. The values calculated for the 
flexibility parameter agree with the postulation that there is restricted 
rotation around glycosidic bonds in pectin, so that the chain is less flexible 
than chains of hydrocarbon units. If a value of 1.7 for “‘C”’ is used, rea- 
sonable values for the molecular weights of pectin and cellulose derivatives 
can be calculated directly from intrinsic viscosity measurements. 
Amylose, amylopectin, and galactomannan derivatives yield data 

which do not conform to this equation. This lack of agreement has been 
interpreted as further evidence of helical structure for amylose and 
branching in amylopectin. Evidence is not yet complete for galactoman- 
nan, but it apparently does not have a simple linear structure like cellu- 
lose or pectin, and probably has short branches along the chain, as in- 
dicated by methylation studies by Swanson (25), periodic acid oxidation 
by Carson and Maclay (26), and X-ray studies by Palmer (27). 

The average molecular weights of the original pectins measured in 
buffered solutions converted to the value for the ester is compared in 
Table VIII with the measured values. There apparently is a tendency to 
lose smaller molecules during the preparation and isolation of the pro- 
pionates. A loss of less than 5% of material with molecular weight of 
10,000 or less accounts for the discrepancies in the number average 
molecular weights noted in Table VIII. Unavoidable degradation during 
the acylation causes decrease in weight average molecular weight and 
appears especially noticeable in the samples having a lower methoxyl 
content. In each case, however, the degradation represents less than 
0.5% of the bonds broken, provided it is assumed that all bonds in pectin 
are the same (29). Apparently osmotic pressure and intrinsic viscosity 
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TABLE VIII 
Comparison of Observed and Calculated Molecular Weights of Pectin Propionates 


Pectin Pectin propionate 
Sample no. M, My 
Mn Mu —_ 
Cale’d Obs. Cale’d } Obs. 
11.3° 40,000 115,000 66,000 100,000 189,000 157,000 
10.1 33,000 64,000 54,000 76,000 105,000 92,000 
9.8 27,000 61,000 44,000 55,000 100,000 70,000 
3.5B = 42,000 a = 70,000 33,000 
7.2E — 80,000 = — 130,000 60,000 
5.4E = 80,000 — = 130,000 60,000 


2 Values calculated from a combination of data by Saverborn (28) and those previ- 
ously published (1). 

> Propionate was acylated only one time and has a higher molecular weight than the 
sample reported in Table V. 


measurements on pectin in aqueous buffered solutions yield values for 
molecular weights satisfactory for comparative purposes. 

The pectin used as a starting material for de-esterification has a degree 
of polymerization of about 300, while that for the alkali-de-esterified 
sample is about 230. This reduction corresponds to the breaking of about 
0.5% of the bonds in the chain, provided all the bonds in the chain are 
the same (29). Ordinarily the glycosidic bond is considered stable to 
alkali (barring oxidation); thus the presence of a second linkage in pectin 
is indicated. There are indications that the Arrhenius energy of activation 
for the alkaline hydrolysis of the linkage involved is around 25-30 kcal. 
(7), which is much higher than expected for the obvious possibility of an 
ester bond as the second linkage in the main chain. X-ray pictures of 
sodium pectate (27) indicate that the crystallites contain 200 or more 
units in the chain direction. This evidence practically eliminates a second 
linkage unless it has bond distances approximating those of a glycoside 
bond. Also, the energy of activation for acidic degradation is about 30 
kcal. (30), which is the same as that for glycosidic bond hydrolysis. The 
presence of a hemiacetal postulated by Pacsu (31) is unlikely, since pectin 
shows its greatest stability in the region near pH 4. On the other hand, 
calculations based on Montroll and Simha’s equations (29) for the de- 
polymerization of long-chain molecules show that the alkali-hydrolyzed 
product is far more homogeneous with respect to molecular weights than 
would be predicted. While greater losses of low-molecular-weight ma- 
terial would be encountered with degraded pectin, such a degree of 
homogeneity could be achieved only if a second linkage, much less stable 
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than the predominating glycoside bond, were present at the end of uni- 
form repeating units along the chain. 

Jansen and MacDonnell (32) have examined the course of the meth- 
anolysis reaction on pectin and have concluded that a second linkage 
must be present. This conclusion is different from that of Mark (33), who 
has assumed that the carboxyl group in the sixth position decreases the 
stability of the glycuronide group. In this connection, it should be 
mentioned that partially methanolyzed pectin can be methylated in 
alkaline solution (34), and work at this laboratory shows that methyl 
galacturonide has no reducing power toward alkaline oxidizing agents. 
The possibility of oxidation, or of progressive decomposition from the 
reducing end of the chain, has not been eliminated, so that no definite 
conclusion can be drawn at this time. 

Alkali-de-esterified citrus pectin as typified by the sample acylated in 
this work is apparently less heterogeneous than samples of apple pectin 
de-esterified by either acid or enzyme in vitro (5). Inasmuch as gel grade 
seems to follow number average molecular weight, it is suggested that, at 
a given gel grade, the alkali-prepared samples would offer two advant- 
ages: (a) increased dispersibility, and (b) decrease in processing difficulties 
due to the lower viscosity. 

In view of the uncertain state of knowledge of the structure of pectin, 
the reliability of extrapolation of the molecular weight of pectin to that 
of protopectin is highly doubtful. It is quite unlikely that the number 
average molecular weight of protopectin in lemon is much above 100,000; 
thus, it seems improbable that high molecular weight alone causes the 
slight solubility of protopectin. In fact, the solubility of protopectin in 
solutions of sodium polymetaphosphates, even in the cold as found in 
this laboratory, supports Henglein’s (35) contention that protopectin 
is bonded to celluronic acid groups, pectic acid, and similar constituents 
of the intercellular layers in plants, by means of polyvalent cations such 
as calcium. These electrovalent bonds are probably aided by hydrogen 
bonding between pectin molecules and between pectin and cellulose, so 
that heat plus a calcium sequestering agent or acid, which reduces the 
ionization of pectinic acids, increases the efficiency of extraction of pectin. 
This hypothesis agrees generally with that of Pallmann and Deuel (36). 


SUMMARY 


A number of pectins have been esterified to form the corresponding 
propionates. These compounds are readily fractionated according to mo- 
lecular weights by formation of a saturated solution in a suitable solvent 
system at a high temperature followed by reduction of the temperature 
and repetition of the operation several times. The molecular weight of 
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the individual fractions has been measured and it was found that vis- 
cosity- and weight-average molecular weights of pectin propionates are 
identical. This means that a measure of molecular weight distribution 
can be obtained directly from osmotic pressure and viscosity measure- 
ments of solutions of unfractionated samples. For this purpose it is rec- 
ommended that the acylation proceed only two or three hours in order 
to reduce degradation, so that the ester will have a molecular weight 
distribution near that of the unchanged pectin. 

The distribution of molecular weights in the samples examined 
follows a Gaussian distribution and not the logarithmic one of Lansing and 
Kraemer. The peak of the distribution curve is controlled by the weight 
average molecular weight and the dispersion is controlled by the ratio of 
weight to number average molecular weight. 

Application of the viscosity equations of Simha shows that the pro- 
pionylated galacturonide chain in acetone solutions is relatively rigid, 
although not so rigid as pectin in aqeuous solutions. 
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The object of this work was to differentiate experimentally between — 
the ways in which fatty acid is held in unextracted aluminum soaps as 
precipitated in aqueous solution, and to report and discuss some results 
which were obtained by varying the extraction of these mixtures. 

Free Acid. The term ‘‘free acid” is frequently * applied to any acid 
which may be extracted from a soap under a given set of conditions. Such 
methods, in general, actually determine the acid which is freed during the 
experiment; this is much more than the “free acid”’ present as such in the 
soap, and is often greater than the sorbed acid. The strict use of the term 
‘free acid’ is to denote only that acid present in the soap which has an 
activity substantially equal to that of pure acid. 

Bound “Molecular Acid.’’ Some excess acid is not free but is bound 
to, or sorbed by, the soap in molecular form, and its activity and solubility 
may be reduced to 1% or less of that of the pure acid. This decrease in 
activity may be brought about by formation of an acid soap, or “acid of 
solvation,” or a solid solution, or by sorption. Because of the physical 
heterogeneity of the aluminum soaps (1) we have been unable to distin- 
guish definitely between these possibilities by extraction measurements, 
but these and X-ray data (2) favor sorption of fatty acid or solvation 
rather than a solid solution or formation of an acid soap. 


EXPERIMENTAL 
Measurement of the Amounts of Combined, Sorbed, and Free Acids 


Probably the simplest experimental criterion for determining the form 
in which the acid is held is based on the solubility of the acid in a solvent 


1Study conducted under contract OEMsr-1057 between Stanford University and 
the Office of Emergency Management, recommended by Division 11.3 of the National 
Defense Research Council, and supervised by Professor J. W. McBain. 

2 Present address: Wesleyan University, Middletown, Conn. 

3 Present address: University of Southern California, Los Angeles. 

4 Present address: Union Oil Company of California, Oleum, Calif. 

5 For example, Frank’s Chemical Company catalog. 
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inert with respect to the aluminum soap but capable of dissolving ap- 
preciable amounts of the acid. Under these conditions free acid would 
have the same solubility as the pure acid. The bound acid would have 
a lower solubility than the pure acid, and the manner in which the ex- 
traction proceeds might distinguish between the presence of a chemical 
compound, a solid solution, or a compound resulting from sorption of the 
uncombined molecular acid. The practical application of this criterion 
presents difficulties mainly because it is difficult to find a solvent which 
is inert to the aluminum soap and removes none of the combined acid. 
After extraction of the excess acid, aluminum soaps prepared in the usual 
way by precipitation have substantially the composition of a di-soap 
such as aluminum dilaurate, Al(OH) Le (8). 

There are two important sources of error to be avoided. When any 
decomposition of the soap occurs, high results are obtained for the amount 
of uncombined acid. Low results are obtained by incomplete separation 
of the uncombined acid. Hence, to distinguish between free and loosely 
bound fatty acid one should employ solvents which do not decompose 
the soap and, furthermore, do not appreciably liberate sorbed acid. 

Even traces of moisture in the solvent can cause some hydrolysis of 
the soap. However, when the extraction is carried out with acetone dried 
over Drierite with successive amounts of acetone, each exposed to the 
aluminum soap until the concentration of fatty acid in the acetone ceased 
to change, it was possible to separate nearly all of the uncombined acid 
without appreciably decomposing the soap. For each batch, treatment at 
30°C. for one day was usually sufficient. Errors from the second source 
were eliminated by repeated extraction of the soap. 

If it were possible to treat a large amount of soap with a very small 
amount of some dry solvent, isooctane, for example, and then determine 
the extent to which it becomes saturated, the problem would be simplified. 
The soaps, however, imbibe such large quantities of solvent that this 
method is not directly applicable.* The method used is treatment of the 
soap with an almost saturated solution of the fatty acid in acetone and 
observation of the direction of the change in concentration of the acid. 

Quantitative comparisons of the effective solubility of the sorbed acid 
with that of the pure acid in the same solvent give an indication of the 
strength with which the acid is held. 

This method may be contrasted with exhaustive Soxhlet extraction 
(3) which constantly exposes the sample to pure fresh solvent and may 
use many liters of acetone for only 1 g. of soap, the residue being substan- 
tially pure di-soap. 

A preceding paper (3) deals with aluminum distearate, dilaurate, 


°C. G. McGee in this laboratory has suggested that use of a film balance would 
render the analysis possible. 
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dicyclohexane carboxylate, and moderately pure dioleate prepared by 
aqueous precipitation followed by thorough extraction with dry isooctane 
or acetone. The present study is directed toward the examination of 
the precipitated aluminum stearate. The stearic acid was obtained from 
the Eastman Kodak Company and had a neutralization number of 198; 
theory 197.3. 


Apparatus and Procedure 


Soap and solvent were placed in screw-cap vials (Braun-Knecht- 
Heimann No. 63481) of 2 or 8 dr. capacity. The vials were selected with 
care for smooth lips and for mechanical strength to stand subsequent 
centrifugation. Samples of soap weighing from 0.05 to 0.1 g. were used 
in the small vials with about 6 g. of solvent, and in the large vials, samples 
of about 1 g. of soap were used with about 16 g. of solvent. To avoid 
contamination or loss of solvent, the inside of the cap was lined first with 
a thin layer of rubber, then with two layers of lead foil, and finally with 
two layers of pinhole-free pure tin foil. When the containers were closed 
with this gasket, they usually lost less than 5 mg. of solvent in 18 hours 
at 30°C. A blank containing acetone alone showed no increase in acidity 
on thermostating and mixing. 

The filled vials were placed in the head of an angle centrifuge which 
was stored on its side in a small air thermostat maintained at 30° + 0.05° 
C. and was connected to a geared-down motor placed outside the thermo- 
stat. The head of the centrifuge could thus be turned at the rate of one 
complete revolution per min., insuring continuous mixing, but slow 
enough to avoid heating by friction. Variation in time, from 12 hrs. up 
to 4 days, had no appreciable effect on the final concentration obtained. 

After about 18-24 hrs., the thermostat was opened for a moment, the 
vials tapped to remove aluminum soap adhering to the cap, the centri- 
fuge placed upright for centrifuging and spun (still within the thermostat) 
for 5 mins. at about 4000 r.p.m. This yielded a clear supernatant layer of 
solvent when acetone was used as a solvent. When isooctane was used, the 
supernatant liquid was slightly opalescent because small slightly-swollen 
aluminum soap particles have a tendency to remain suspended. This 
caused the values for the concentration of acid to be slightly high but 
did not cause significant errors. 

Once the phases were segregated, the vials were removed from the 
thermostat and a portion of the supernatant solvent was rapidly with- 
drawn. The amount of liquid was determined either volumetrically, using 
a syringe pipette, or by weighing the vial before and after removal of the 
aliquot portion. Occasional checks on the supernatant liquid showed 
that it contained only from 0 to 1% of the total aluminum soap present. 

The concentration of fatty acid in the solvent is determined either by 
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titrating in an alcoholic solution or by weighing the residue after evapora- 
tion. From this result and the total volume of acetone present, the amount 
of acid extracted from the soap can be found and the ash content of the 
undissolved residue can then be computed. 

The residue itself was either dried and ashed, and its composition 
thus determined, or a weighed amount of solvent was added to the vial 
and the experiment. continued. 

The precision and accuracy of the final composition of the extracted 
soap after 10 successive exposures to acetone was about 1%. When iso- 
octane was used, the results were only slightly less precise. 

The absolute values of the solubilities of the stearic acid in acetone 
and in isooctane at 30°C. were determined separately and found to be 34 
g./l. in acetone and 90 g./l. in isooctane. The values for the solubilities 
are reported as per cent relative saturation. The effect of moisture content 
of the dried acetone on the solubility of acid was not taken into account, 
but it is not believed to be appreciable. 


RESULTS 


On the diagrams in which the composition of the soap (in terms of per 
cent ash, or moles acid/g.-at. of aluminum) is plotted against the con- 
centration of fatty acid in the solvent, the solubility of stearic acid in a 
saturated solution of stearic acid being taken as 100%, each solubility 
experiment is described by 2 points: one corresponds to the initial state 
of the soap and solvent, and the other corresponds to the final state. 
Each experiment is represented by an arrow connecting these two points, 
These arrows show what happens when soap and solvent of given com- 
positions are placed in contact. This method of representation is shown 
in Figs. 1-5, incl. 

When the composition of the soap was obtained by calculation, it is 
shown by an open circle, and when it was determined by ashing, it is 
shown by a dark circle. The solubility was almost always determined by 
titration, although weighing was occasionally used. When acetone was 
the solvent, the arrows are drawn as full lines, and when isooctane was 
used, they are dotted. 

The points of similar arrows are connected by a heavy line which de- 
lineates a curve that shows the essentially constant composition of the 
soaps which were in contact with the solutions of given final compositions. 

Three samples of aluminum stearate were used. All were prepared at 
60°C. and examined at 30°C. We know of no significant difference in the 
history of the samples that would account for the differences in behavior 
of the third sample from the other two. 

Sample ‘‘a” had an empirical composition of Al(OH)Str.0.82HStr, 
corresponding to its ash value of 6.07%. When acetone, which was 


ACID IN ALUMINUM SOAPS 297 


63-75% saturated with stearic acid, was used, only about 0.24 moles of 
stearic acid was extracted, leaving 2.82 — 0.24 = 2.58 moles, as may be 
seen in Fig. 1; the concentration of fatty acid in the acetone was still far 
below that which would have been given by free stearic acid. That is, 
the sample lost only 6.7% of its original weight to acetone which was 
still capable of dissolving more stearic acid. This was only 0.24/0.82 or 
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Fic. 1. Distribution of stearic acid between solvent and aluminum stearate, sample 
<'.”? in acetone and in isooctane at 30°C. 


less than one-third of the stearic acid in excess of that combined as the 
distearate. Most of the stearic acid in excess of that required for the di- 
stearate is therefore not free, but must be bound. 

On the other hand, the initial flat portion of the curve in the upper left 
hand corner of Fig. 1, at 100% saturation of the acetone with stearic acid, 
shows that 5.7% of the original unextracted aluminum soap, or 25% of 
the molecular acid, is completely free, mechanically admixed stearic acid, 
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since the horizontal section represents an isothermally invariant solution 
saturated with two solid phases. The excess free stearic acid was capable 
of dissolving in 93% saturated acetone and bringing it to 100% saturation. 

The successive extractions indicated by the arrows in Fig. 1 show that, 
as the extraction proceeds, the acid becomes less and less available, as if 
the acid were being progressively desorbed. To obtain a crucial test for 
the presence of Al(OH)Str2.HStr by this method the specimen would have 
to be fully homogeneous. Comparison of the X-ray diffraction patterns 
of extracted and unextracted aluminum soaps suggests that part of the 
molecular acid may be dissolved in the soap causing a distortion of the 
crystal lattice of the soap (2). 
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Fic. 2. Distribution of stearic acid between solvent and aluminum stearate, sample 
‘b,” in acetone at 30°C. 


As the composition of the extracted aluminum soap approaches that 
of pure distearate the effective solubility of any stearic acid (Fig. 1) is 
reduced to a vanishing point, and the conclusion that the original soap 
was composed of pure di-soap and free and sorbed stearic acid appears 
justified. This confirms the conclusion reached by extrapolation of re- 
sults obtained by exhaustive extractions under various conditions (3). 

The possibility that there was too little solid in proportion to liquid 
to produce a greater degree of saturation was removed in many of our 
experiments by exposing an extracted residue again to a lower concentra- 
tion of fatty acid in the same solvent. This is shown in Figs. 1, 2, 3, and 
4 by a series of successive arrows. The calculated beginning of each arrow 


ACID IN ALUMINUM SOAPS 299 


lies vertically under the end of the preceding arrow. Further fatty acid 
always dissolved, which showed that the acid was there but that it was 
bound. 

Only one extraction with isooctane was performed with this soap and 
the result was qualitatively the same as when acetone was used (Fig. 1). 
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Fig. 3. Distribution of stearic acid between solvent and aluminum stearate, sample 
“e.”” in acetone and in isooctane at 30°C. 


Results obtained with sample ‘‘b” are reported in Fig. 2. They show 
essentially the same behavior, but it appeared that the acid would be all 
extracted at a composition corresponding to about 90% of distearate and 
10% of the monostearate. 
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Sample ‘‘c” gave the results shown in Fig. 3. This soap was tested with 
both acetone and isooctane. Values for the solubility of the acid in these 
2 solvents were quite different, suggesting that, when acetone was used, 
some acid was freed. In addition, the values obtained with acetone, in- 
stead of falling upon a single line, seem to lie on two lines, one of which 
points toward the composition of the distearate and the other toward a 
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Fig. 4. Distribution of stearic acid between solvent and aluminum stearate, sample 
“‘a,”” in acetone at 30°C., illustrating reversal and the effect of moisture. (Figures indicate 
added percentage of moisture in solvent.) 


composition of a mixture of mono- and distearate. The former curve was 
obtained when the soap was treated initially with a solution of stearic 
acid, the latter when treated with acetone alone. This discrepancy of solu- 
bilities from sample ‘‘c’”’ is beyond experimental error and shows that some 
change occurred in the soap. 

The effect of the presence of moisture in the acetone which is so 
marked in exhaustive extraction (3) was investigated, and was unex- 
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pectedly found to be negligible as is shown by the upward pointing arrows 
in Figs. 4 and 5 for samples “‘a” and “ce,” respectively. The numbers next 
to each arrow show the percentage of water added to acetone. The plotted 
line is that obtained when dried solvent was used, Figs. 1 and 3, re- 
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Fic. 5. Distribution of stearic acid between solvent and aluminum stearate, sample 
“a”? in acetone and in isooctane at 30°C., illustrating reversal and the effect of moisture. 
(Figures indicate added percentage of moisture in solvent.) 


spectively. The results, while somewhat less precise, show little effect of 
the moisture present. This indicates that the reaction of the distearate 
with water to form fatty acid and other soaps [probably the monostearate, 
(Al(OH).Str)x or Ale(OH)2OStr2] (4) is repressed by the presence of fatty 
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acid, which was present at a concentration of only a few per cent of 
saturation. 

The converse process, removal of acid from acetone by an extracted 
soap, is shown by arrows pointing downward in Figs. 4 and 5. The over- 
extracted “a’’ sample was prepared by exhaustive extraction with boiling 
acetone. In the presence of a solution of stearic acid in acetone this soap 
removed some of the acid from solution but not nearly as much as was 
retained by the unextracted ‘‘a” soap in a solution of the same compo- 
sition. 

The sample of “‘c’”’ soap was obtained by extraction with isooctane at 
room temperature. This sample sorbed acid from acetone solution, and 
concentrations were reached which may be considered as lying on the 
extension of that solubility line for this soap which is farthest to the right. 
As a result of the peculiar behavior of this particular soap in these ex- 
periments it is again impossible to decide definitely whether or not true 
equilibrium was attained. 

The experiments definitely show that a partially extracted soap may 
again take up dissolved stearic acid. 


SUMMARY 


In aluminum stearate precipitated from aqueous solution there are 
present: 


(1) Free fatty acid, readily dissolved to form solutions of concentra- 
tion up to that of the saturated solution of the fatty acid itself. 

(2) Loosely bound or sorbed fatty acid, amounting to about 0.6 
mole/g.-at: of aluminum which may without difficulty be dissolved out 
of the soap to form solutions of concentration below that of the fully 
saturated solution of the fatty acid. 

(3) Firmly bound fatty acid, resistant to solvent, amounting to ap- 
proximately 2 moles/g.-at. of aluminum, leaving the composition of the 
distearate Al(OH)Stre. 

Hydrolysis of aluminum soap by moist acetone may be repressed by 
the presence of dissolved fatty acid. 
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INTRODUCTION 


Most studies of sorption from solution neglect or ignore the effect of 
the solvent on rate of sorption and on the equilibrium between solvent, 
sorbate and sorbent. The fact that these effects are significant forms the 
basis for chromatographic adsorption analysis, in which activated mag- 
nesium oxide is frequently employed. 

In the production of commercial active magnesium oxide, an empiri- 
cal “Iodine Number’”’ is used to indicate the activity of the material. As 
this type of a determination is a laboratory control procedure, it must be 
accomplished as quickly as possible. A typical industrial procedure is de- 
scribed by Zettlemoyer and Walker (1) and, in their particular case, the 
iodine-carbon tetrachloride solution is in contact with the magnesia for 
30 mins. Where results are relative only to some predetermined standard, 
they may form an excellent control procedure. The principal practical 
shortcoming of the method is that the time must be accurately controlled, 
as the rate of sorption is still quite appreciable after 30 minutes of contact; 
and, of course, strict precautions must be taken against introduction of 
moisture. 

It is the purpose of this paper to point out the effects of time and 
solvent on sorption by active magnesium oxide, and to show that great 
caution is to be exercised in deducing surface areas from measureménts 
of sorption from solution if gross errors are to be avoided. 


EXPERIMENTAL 
Materials 


The magnesium oxide used for the experimental work was furnished 

by Permanente Metals Corporation of Los Altos, Calif. It was —200 

mesh. The electron micrograph of a previous similar sample, taken by 

Dr. L. Marton, is here reproduced (Fig. 1). The lightburned sample was 

specially prepared from magnesium hydroxide by calcining. Minor con- 
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stituents amounted to: 
Cl-, 0.19; CaO, 1.40; SiO2, 0.50; R203, 0.34; SO3, 0.36; Mn, 0.03; B2Os, 0.2. 


Other materials were of reagent grade. All solvents were redistilled under 
such conditions as to insure that they were water free. 


Fie, 1. MgO extra light. x 17,000 diameters. 


The main specimen, whose ignition loss was 11.1%, was divided 
among a number of sealed glass bottles. Samples were withdrawn from 
these and quickly weighed in presence of Drierite. Concurrently, other 


samples were taken and checked to see that the ignition loss had remained 
between 11.0 and 11.2% 


70+ 
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I. The Sorption of Iodine 


The effect of time on sorption of iodine from solution was determined 
experimentally as follows: Exactly 0.500 g. of active magnesia was 
weighed into.a vial of 15 ml. capacity. To this was added 10 ml. of 0.1 N, 
iodine in carbon tetrachloride, using a calibrated pipette. The bottle was 
then stoppered with its plastic cap (protected by lead foil) and placed in 
a 25°C. shaker for the required time. Toward the end of the contact time 
the sample was removed from the shaker and placed on the centrifuge 
for 15 minutes to insure that all suspended magnesium oxide was down. 
A 5 ml. aliquot was then pipetted from the supernatant liquid and trans- 
ferred to a beaker containing 10 ml. of a saturated aqueous potassium 
iodide solution. The sample was then titrated with 0.05 N sodium thiosul- 
fate from a 10 ml. calibrated burette. Blank determinations were run with 
- each series to insure an accurate initial concentration. Contact time was 
measured from the introduction of the initial iodine solution until the 
withdrawal of the 5 ml. aliquot of terminal solution. 

Terminal concentration was calculated as follows: 

Titer OY ASE SE = Concentration of I, at equilibrium 

5.00 ml. in equivalents. 


The results are tabulated in Table I. 


TABLE I 
Effect of Contact Time on Sorption 

Time I; sorbed/100 g. MgO 
hrs. millimoles 

0.5 49.8 

1 51.7, 51.4 

3 53.3, 53.2 
18 56.4, 56.2 
24 56.4 
46 56.9, 56.9 


The 25°C. isotherm for 24 hrs. of contact in each case was determined 
by a procedure similar to that just outlined, the exception being that the 
quantities of magnesia used were varied between 0.200 and 0.700 g. 
These results are shown in Table IJ. 

Sorption studies of iodine vapor (2) on magnesium oxide showed a 
very rapid sorption at 82°C.; the further rate is barely appreciable after 
one hr. Sorption from solution shows an. appreciable rate even after 24 
hrs. This must be attributed principally to the effect of the solvent in 
displacement and competition. 

A saturated solution of iodine and carbon tetrachloride would con- 
tain 0.237 moles/1., and the amount of sorption shown in Table IT is still 
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TABLE II 
Sorption after 24-Hour Contact 
es hace titbed/100 g. MgO 
0.0046 47 
0.0064 50 
0.0101 55 
0.0140 58 
0.0190 64 
0.0205 65 
0.0304 70 
0.0318 70 
0.0404 76 


increasing with concentration, and could reach the value 130 millimoles 
jodine/100 g. magnesium oxide, which is the saturation value for the 
sorption of iodine vapor at 82°C. However, sorption of iodine from vapor 
is a more direct, definitive and significant method than sorption from 
solution. 


II. Sorption of Cetyl Alcohol from Solutions in Various Solvents 


Oleic acid (3) and methyl stearate (4) have been used by other in- 
vestigators to determine the area of finely divided solids. Oleic acid reacts 
chemically with magnesium oxide. Methyl stearate proved unsatisfactory 
because equilibrium was not obtained even in a day. Cetyl alcohol gives 
more definite results. When sorbed from 0.1 M solution in carbon tetra- 
chloride, the sorption of cetyl alcohol amounted to 24.0 millimoles/100 g. 
magnesium oxide at 15 mins., 24.1 at one hr., and 24.7 at 24 hrs. In con- 
trast, under the same conditions, sorption of methyl stearate was 6.9 at 
one hr., which increased to 14.2 in 24 hrs. Cetyl alcohol, therefore, offers 
the advantage over iodine that the sorption is very rapid and leads soon 
to a value that is constant over a range of concentration which might have 
been interpreted as a monomolecular layer. 

The experimental procedure used was as follows: Exactly 0.500 g. 
of magnesia was placed in a 15 ml. vial, to which was added 10 ml. of 
cetyl alcohol solution (initial concentration from 0.05 M to 0.2 M). The 
sample was then placed in a 25°C. shaker and agitated for 24 hours. 
After centrifuging, a 5 ml. aliquot was pipetted from the supernatant 
liquid and transferred to a tared crystallizing dish, and the solvent was 
allowed to evaporate. Duplicate and blank determinations were accorded 
identical treatment. The samples were heated just to fusion twice and 
allowed to cool, to insure complete removal of the solvent. The blanks 
act as a control and check the initial concentration. The effect of the 
various ‘solvents on rate of sorption was determined by sorption-time 
experiments. The results are tabulated in Table III, and shown in Fig. 2. 
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TABLE III 


Rates of Adsorption of Cetyl Alcohol from Various Solvents 
at 25°C. (0.2 M Cetyl Alcohol) 


(Expressed in millimoles/100 g. MgO) 


Time CHCl; CeHe CeHiez 
hrs a 
2, — — 20.2 
3 oS 46.4 aah 
6 11.15 — 
24 16.19 — PHL? 
25 — 46.4 
fe) (paincet itl G'S eee 
w 
= 
34 (9) 
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Fic. 2. Rate of adsorption of cetyl alcohol from various solvents, at 25°C. 


Applying Ewing’s method (4), if one were to assume that the flat 
portion of the curve with carbon tetrachloride indicated the completion 
of the monomolecular layer, and ascribe to each cetyl alcohol an area of 
21.6 square A, since 0.0255 moles of cetyl alcohol covers 100 g. of mag- 
nesium oxide, the area would be calculated as 33.2 m.?/g. of magnesium 
oxide. However, we have previously shown (2) that the area is many 
times greater, being 122 m.?/g. by direct sorption of iodine vapor, or 
126 + 10 m.? by low temperature nitrogen adsorption using the B.E.T. 
method, both methods involving strong degassing. Hence, the sorption 
of cetyl alcohol from carbon tetrachloride indicates only a small fraction 
of the actual area. 

Paneth (5) studied the sorption of dyes, brucine, and acetone by 
surfaces whose areas were already known from his radioelement meas- 
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urements, and found that in only one case, Methylene Blue HB, the 
horizontal portion of the sorption isotherm oN oadea to a eon 
monomolecular layer. Other values ranged from 10% to 95% of a mono- 
molecular layer. 

Brunauer (6) noted that methyl stearate values obtained by Ewing 
for zine oxide “indicate roughly half as large surface areas as the nitrogen 
adsorption does.”’ He also found that silicic acid adsorption obtained by 
G. Boyd “gives a smaller value in every case. The discrepancy for titan- 
ium oxide is less than two-fold, for graphite more than eight-fold.” 

If sorption from solution were a trustworthy method of determining 
surface area, the results would have been independent of the solvent. 
However, this is not the case, as is seen for cetyl alcohol in several sol- 
vents, as given in Fig. 2, which includes the following measurements: 


From benzene solution: 
Equilibrium conc. 0.0338 0.0704 0.108 0.149 0.186 


mM/100 g. MgO N94 18.7 21.3 24.1 46.4 
From cyclohexane solution: 

Equilibrium conc. 0.0427 0.071 0.150 0.187 

mM /100 g. MgO 14.7 15.8 16.0 27.2 


It is seen that sorption from cyclohexane on the horizontal portion of the 
isotherm amounts to 16 millimoles as compared with 26 millimoles from 
carbon tetrachloride, with an intermediate value for benzene; all these 
increasing to only a small fraction of the true area of magnesium oxide. 

Sorption was rapid from benzene and cyclohexane solutions, being 
the same at 24 hrs. as at 2 hrs. However, sorption from chloroform is 
much slower, being 11.1 millimoles at 6 hrs., rising to 16.2 at 24 hrs., 
from an initial concentration of 0.2 N cetyl alcohol. Hence the chloroform 
isotherm was not studied. 

The most striking results were obtained when cetyl alcohol was dis- 
solved in lower alcohols. Both with ethyl alcohol and n-butyl alcohol, 
originally 0.2 N with respect to cetyl alcohol, there was no apparent 
adsorption, evidently because the solvents were being adsorbed in pro- 
portion to the cetyl alcohol present. When tert.-butyl alcohol was used as 
a solvent with the cetyl alcohol, the magnesium oxide actually caused an 
increase in concentration, that is, negative adsorption. 


III. Sorption of Orange OT and of Naphthacene 


Paneth and Vorwerk (7) used a dye to measure surface areas. We 
have, therefore, chosen Orange OT (1-0-tolylazo-2-naphthol) from ear- 
bon tetrachloride solution, and naphthacene (C,sHi,.) from benzene 
solution, since both are colored. Concentrations were determined by 
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means of a Lumetron photoelectric colorimeter using a blue 420 filter. 
The naphthacene solution was protected from light throughout the 
experiment to avoid the colorless peroxide. 

Orange OT is rapidly sorbed, being the same at one hour as at 28 
hours, whereas the naphthacene is more slowly sorbed, being 3 times 
greater at 24 hours than at one hour, but then approaching constancy. 
The sorption isotherms are given in Fig. 3. It will be noted that the 
measurements with Orange OT were carried out at 0°C. as well as at 
25°C. and that, although for very dilute solutions the results were the 
same, they diverged greatly with increase of concentration. 
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Fic. 3. Sorption isotherms of Orange OT at 0° and 25°C., and of naphthacene 
at 25°C., from solutions of carbon tetrachloride and benzene, respectively. 


Finally, for comparison, sorption of Orange OT was measured with 
sludge magnesium oxide, which proved only 40% as active as the light- 
burned magnesium oxide, and with deadburned magnesium oxide, and 
with magnesium smoke, both of which showed no sorption of the dye. 
These latter two are nonporous crystals, whereas the lightburned mag- 
nesia is highly porous. 

The sorption of naphthacene from benzene solution is due to its 
higher molecular weight in comparison with that of the aromatic solvent. 
Maier and Forziati (8) concluded from the sorption of toluene from solu- 
tion in n-heptane that aromatic compounds are sorbed by magnesium 
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oxide preferentially to aliphatic. However, our result shows that cetyl 
aleohol was sorbed more from benzene than from cyclohexane. 


DiIscussION 


The foregoing observations show that it is extremely hazardous to 
employ sorption from solution as a measure of surface area of finely por- 
ous materials such as magnesium oxide. In no case was the sorption 
anywhere near the known true area accessible to iodine or nitrogen 
molecules. 

In addition to the competition between solute and solvent for the 
available surface, there enters the question of pore size and also the 
affinity of the surface groups of the solid for the specific solute. For 
equally accessible surfaces the more aromatic substances, or those of 
higher molecular weight, would be preferentially sorbed, but the experi- 
ments with cetyl alcohol dissolved in lower alcohols show that the finer 
pores are accessible only to the smaller molecules. 

It has already been shown that iodine is chemisorbed (2). The surface 
of lightburned magnesium oxide, which exposes magnesium atoms, 
hydroxyl groups, and oxygen atoms, differs from that of ordinary finely 
crystallized magnesium oxide, which does not sorb Orange OT. 


ACKNOWLEDGMENT 


The authors are indebted to Dr. A. ©. Byrns and Dr. J. L. Porter of The Permanente 
Metals Corporation for supplying the lightburned magnesium oxide and for rendering 
assistance during the course of this work. 


SUMMARY 


1. The sorption of iodine, cetyl alcohol, Orange OT and naphthacene 
by highly porous active lightburned magnesium oxide has been studied 
in various solutions, and compared with the surface area determined 
with iodine vapor and nitrogen. In no case was the surface indicated by 
the sorption from solution more than a small fraction of that measured 
with nitrogen and iodine vapor. 

2. Cety} alcohol gives quite different results with the same specimen 
of magnesium oxide using different solvents, and with the lower alcohols 
it may show no apparent sorption or may even show negative sorption. 

, 3. Use of sorption from solution for measurements of the area of 
highly porous materials involves arbitrary assumptions and can lead to 
highly erroneous results. 
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THE DISTRIBUTION OF IONS AT INTERFACES 
The Concept of a Surface Phase 


J. T. Davies and E. K. Rideal, F. R. S. 


From the Davy Faraday Laboratory, The Royal Institution 
Recewed March 22, 1948 


INTRODUCTION 


In recent years various views have been advanced to express the ionic 
distribution ‘‘at’”’ or near a charged interface in contact with a solution 
of electrolyte. The assumptions on which these theories are based are by 
no means verified experimentally. It seemed desirable at the present time 
that the theories should be examined and compared, and the postulates 
stated clearly. 

Gouy (1910) was the first to evolve a satisfactory expression for the 
number of ions at or near a charged surface by equating electrical and 
diffusion forces on an ion situated near the surface. In his derivation 
any interionic force is neglected, 7.e., the solution must be dilute, and 
the surface charge not too great. An expression for the number of ions 
per unit volume at any definite distance from the surface can be obtained 
in terms of known quantities, assuming no adsorption on definite sites, 
nor any specific forces of adsorption, such as might set up a fixed double 
layer. 

Wilson (1916) advanced the view that ‘‘the distribution of ions in the 
layer of solution surrounding the particle will be different from that in 
the bulk of the dispersion medium, a condition to which Donnan’s work 
on membrane equilibria can be applied.” It is to be noted that the con- 
dition of non-diffusibility of some of the ions at the surface of a colloid 
particle has been established by Donnan and his co-workers and by 
Bjerrum (1924) and other investigators. Wilson thus extended the con- 
cept of Donnan (1911) to the case where no actual membrane is present. 


Danielli (1941) assumes a thickness of * , the effective radius of Debye 


and Hiickel, for the ‘surface phase,” the volume of which thus depends 
on the ionic strength of the bulk solution. 
Hartley and Roe (1940) considered that the electrokinetic potential 
could be employed in conjunction with a Boltzmann distribution law to 
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determine the concentration of hydrogen or other soluble ions at the 
surface of shear of a colloidal particle. 

Steinhardt and Harris (1940), titrating wool fibers with hydrochloric 
acid, found equal amounts of hydrogen and chloride ions were taken up 
by the fiber. They interpreted this in terms of partially dissociated com- 
plexes being formed between groups in the protein and hydrogen and 
chloride ions, respectively. They suggested that this complex would 
greatly reduce the differences in ionic concentrations predicted by the 
Donnan equations (applied to the actual volume of keratin) for the case 
of combination with hydrogen ions alone, so that no account need be 
taken of differences of pH inside and outside the fiber. 

More recently, Gilbert and Rideal (1944) assumed that on the keratin 
fiber there are two separate sorts of “‘sites,’’ one for protons and the other 
for anions. They consider the complex formed on the addition of acid to 
be an ideal localized monolayer, which implies, inter alia, strong forces 
preventing a chloride ion, for example, from moving in the plane of the 
surface when it is attached to one of the sites. They point out that, in 
the case of a fibrous protein, only a few cations or anions can be adsorbed 
independently, since this process produces a large charge on the fiber, 
necessitating a further adsorption of anions and cations together. They 
treat their ideal localized monolayer by the method of Fowler and 
Guggenheim (1939), which considers the number of ways in which the 
adsorbed molecules or ions can be arranged at the surface on the different 
sites. 

In general, when we are dealing with a system in which the hydrogen 
ion adsorption is involved, the Donnan equations, in which activities are 
employed, must hold, but as the anion interaction increases, either 
through accumulation of charge, or through specific adsorption, the 
theory of Gilbert and Rideal is applicable. 

These various theories will now be considered in relation to the as- 
sumption of a definite surface phase, treated using the Donnan equations. 


(1) The Theories of Gouy (1910) and of Donnan (1911) 


Gouy’s equations for the distribution of ions at an interface, for the 
case of a uni-univalent electrolyte, may be summarized as 


p = F(C-,U. — C-,Ua) X 10°, (1) 
rxXx10?x F=q= if coed. (2) 
1 KI \? 
Uta -2- (a), (3) 
1 


K 
Ue = 3 = coth? 5 (2,), (4) 
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re = - = coth? 5 (x + 2), (5) 
where p is the excess charge/unit area of surface, F is the Faraday, 
C is the number of gram ions/]. in the bulk solution, T' is the surface 
density of charge in milli-equivalents/cm.?, x is the distance from the 
surface, q is defined by (2), .U. is the ratio of cation concentrations at 
the surface and in the bulk phase at very large values of x, ,U. is this 
ratio at a distance x from the surface, ,U. and ,U, are the ratios for the 


: ah) c- renies <) ; 
anions, — is the Debye-Hiickel “effective ionic atmosphere radius’ ex- 
K 


pressed in cms., and 2, is defined by (4). 

If the surface charge be considered now to be uniformly distributed 
in a “surface phase,” and zU, and aU, refer to the ratios of concentrations 
of anions and cations in the surface and bulk phases, application of the 
Donnan equations gives 

(C-aUa)(C-aU.) = © 
or 
at aliens ly (6) 


where activity coefficients have been omitted, and the electrolyte is uni- 
univalent. 
The assumption of Danielli (1941) that the surface phase is of thick- 


ness : means that the concentration of non-diffusible ions in the surface 
; K 


is «I, so that, if the surface be negatively charged and the surface phase 
electrically neutral, 


ra + C-aUe = Cae (7) 
Eliminating ,U. between (6) and (7), we obtain 
1 «TC 
pe Raaliot C 8) 
But, from the Gouy equation (3), 

— 1 ray 
a( VU. — =) =F (9) 

( ¥ VOU. C 


At first sight (8) and (9) appear fundamentally different, but in fact .U. 
and .U, are distinct ratios, zU. being the average value of -U. between 


1 
™ = 0 and x re Pe 
It will now be shown that, under certain conditions, the assumption 


if 
| 4 F : LS 
of a “surface phase” of uniform concentration and of thickness _ an 
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through which the surface charge is diffused, is justifiable from the Gouy 
equations. Further, equations (8) and (9) above, derived respectively 


é : 1 : 
from the “surface phase” theory, using the distance i for the thickness, 


and from Gouy’s equations, will be shown to be almost identical. 


Fic. 1. ,U. and ,U, against x for a dilute solution of a uni-univalent salt at a negative 
surface. Broken lines enclose the ‘‘surface phase.” 


Fig. 1 shows a plot of .U, for the case of a negatively charged surface. 


: 5 : TES. : : 
The abscissa is the distance from surface, and — is great in comparison 
K 


with 2p. 
Writing ¢ = : (2 + 2x), 
1 bs coth ¢2 — coth ) 
Ui= th? pdg = 1 — (Sg = Cot en). 
2 g2 — 1 1h ese : de — 1 (10) 
Since! by ©), tanh ol “es Landiilg isamelleaah aienien 
ey VOU, re ViU, 
eae Oe Wmea 
V2U. vi 
qe =] aie V2 6 -1U . (11) 


Putting 1U, = ,U,, and .U, being the value of ,U, at x = u 


? 


aUe = 1+ 2.16V.U. (12) 
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if the solution is dilute and I is not too low, ‘since under these circum- 
stances z, is small compared with A , and so 

K 
2U, = coth? (4) = 4.68. (13) 


Under the same circumstances ,U, will be large, so that as a first approxi- 
mation 


aUe = 2.16V Us. (14) 
Substituting this value of V,U, into (9), 
Slee 2AGA Goel 
3 a( ae — aU; )= C ts) 
which is very close to 
eee sa ae, (16) 
dVe wT. wee C 


The validity of (7) in actual cases will now be considered. The excess 
of anions per unit area of surface, a, is given by 


a =r  coth? ¢-dé — C(a. — m =) 2° (Md — VU.) (17) 


1 


The fraction of this lying outside a distance 4 from the surface is 


‘given by 


va. — VaUe 1.16 
Pi Ey Ns 


In dilute solutions V,U, is large, and this fraction becomes negligible. 
The excess of cations per unit area, B, is given by 


(18) 


rapt el nme ves 2 Prank? edo, 
$1 
1.€., 
a6 (ee 1 1 ) i 
oa cand. a 


, ee 
The fraction outside the distance is thus 


:! 1 
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where V,U, now refers to V,U. at x = ° and is equal to 0.54 if V.U- is 


, 
K 


large. 
Hence (7) should strictly be written 
C-aUa 
pape 21 
Pe ere (21) 


and the “surface phase’”’ equation (8) becomes 


Qe 5 KE 
aU Te, a, =a C’ (22) 
which is to be contrasted with 
AE KS 
aUe is HOG, 2 ce (16) 


derived from Gouy’s equations. The difference between (22) and (16) is 


in fact very small, since is small in comparison with aU, if C is small 


dVe 
and I not too small. For example, with one fixed negative ion per 55A?, 


= 3 X 107-7 milliequivalents/cm.?, and, if C = iw aU, = 100, so the 


difference between (22) and (16) is only 0.02%. The actual discrepancy 
between (22) and (16) evidently arises from the assumptions of uniform- 
ity and electrical neutrality of the surface phase when the Donnan 
equations are applied. 

A more fundamental connection between the treatments using the 
Gouy and Donnan equations may be seen from (2). If all the ionic 
atmosphere is assumed to lie in the surface phase, of thickness 2, 


q= if “ode = 10°F C f "\U.-de — 10°FC f “Ua-dx. (28) 


But gq =T X 10° X F; 


r = i Cae — mf O-<Uade; 
C1 V1 ip v1 r) 
KT = C-yU. — C-aUa (24) 


: 1 
since 7 = —-: 


Equation (24) is equivalent to the electrical neutrality equation (7) 
of the surface phase treatment. 

The two derivations use the same principles of opposing electrical 
and diffusion forces, the Donnan equation depending on the ions behaving 
according to the ideal gas law, as does the diffusion term in Gouy’s deri: 
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vation. In actual systems activity coefficients must be taken into account, 
except when both the bulk and surface phases are very dilute. The 
Donnan equations may easily be corrected if appropriate values are 
known, but for salts such as dyes the activity coefficients may be un- 
known and far from unity. In this case the Gouy and Donnan equations 
cannot be applied, and recourse must be had to the Gilbert-Rideal 
theory, where an empirical Au term takes account of deviations from 
ideal behavior, and the ions may be considered to adhere to definite 
“sites” in the surface instead of forming a diffuse cloud, as in the Gouy 
treatment. 


(2) The Theory of Hartley and Roe (1940) 


The fundamental equation may be written 


Cyt = Cut (er | i (25) 
where C refers to concentrations in the surface, C to those in the bulk, 
subscripts refer to the ion considered, ¢ is the electrokinetic potential, 
F the Faraday, and FR and T have their usual significance. 

Since, however, ¢ is the electrostatic potential between the surface 
of shear of the double layer and a point at infinity in the bulk solution, 
the pH at the surface, pH,, is defined in terms of concentrations and 
refers to conditions at the surface of shear. If the Donnan equations be 
applied, as suggested by Wilson (1916), the Donnan potential between 
the surface and the bulk is given by 


v= in (Ge): (26) 


For the case of ovalbumin, Danielli (1941) found that C y+ calculated 
from (25) and from (8) were practically identical for equal values of 
C+, which means that under these conditions y = ¢. Since y is an 


average value over a distance . from the surface, and ¢ refers to the 


surface of shear, there must be, in the case of ovalbumin, a number of 
ions taken into account in the Donnan treatment (using titration valencies 
‘or the protein) which move with the molecule in an electric field. It is 
loubtful, however, whether the experimental accuracy justifies any defi- 
nite conclusions on this point. 


(3) The Theory of Steinhardt and Harris (1940) 


This theory has been correlated with that of Gilbert and Rideal (1944) 
oy these latter authors, and since the dissociation constants K of Stein- 
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hardt and Harris may be written 
K = ¢*/RT, (27) 


the only difference in the results of the two theories arises from funda- 
mental assumptions about the nature of the sites. Since in the following 
section the Gilbert and Rideal theory has been shown to be related to 
that of a definite “surface phase,” the Steinhardt and Harris theory must 
be similarly related. 


(4) The Theory. of Gilbert and Rideal (1944) 
These authors use the equation of Fowler and Guggenheim (1939), 


tae (4;,) pier (28) 
1-— €404 

where ua is the partial chemical potential of species A, and 0a, 62, --: 
are the fractions of sites occupied by molecules of types A, B, ---. 
aa(T) is the partition function for the internal degrees of freedom of the 
adsorbed molecules or ions, including vibrations relative to their mean 
positions in the sites. No translational movement of the ions is considered 
in the equation. Gilbert and Rideal introduce an electrical potential 
correction, yf, into (28), where y is the potential difference between the 
surface and the bulk. 

The equations developed by these authors lead to 


2~F = Aua® — Anco’, (29) 
using their nomenclature. 
Thus y is constant at constant temperature and pressure, since Aya? 


and Ayc® are constant under these conditions. Further, from the equa- 
tions of Gilbert and Rideal 


RT In (; “o ) a ee er Re on Gs 

— 9c 

or 
C 
Ac = O+B? (30) 

where 

a (Auc® + Apa®) 

B = exp (oa ) ‘ 


so that (30) indicates a Langmuir type of adsorption between bulk and 
surface for cations, and a similar expression may be derived for anions. 
Thus, the magnitude of y makes no fundamental difference to the relation 


between the fraction of surface covered and the bulk concentration of the 
ion concerned. 
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It is important to note that a(7) will depend to some extent on the 
environment of the adsorbed ion, 7.e., on the composition and ionic 
strength of the “surface phase,” which, however, will be of small thickness 
in the present theory. 

If a “surface phase” is postulated, in which are the adsorbed hydrogen 
and chloride ions, it is possible to omit the electrostatic term and write 


ba = wa(T, P)tiver + RT In (; “4 ) = pa(T, P)oux + RT In Ga, 


where @ refers to activity in the surface, and » represents chemical 
potentials. 


oe Oa : 
RT |In aa(T) + RT In € = a, ) 


ON 
1,000 Cat) el) 


= Rin ( 


using the partition function form of the chemical potential, where N is 
Avogadro’s number, h is Planck’s constant, k the Boltzmann constant, 
and m the mass of the ion A. fa refers to the activity coefficient in the 
surface. 

Hence 


O.-H4 (soogemet) ~ ot (ta) (62) 


Thisequation gives the fundamental connection between this theory and 
that of a “surface phase.” If hydrogen ion is considered, (32) shows that, 
as 6 increases, the pH in this ‘‘surface phase”’ will fall, if a4(7’) is appre- 
ciably constant. The “thickness” of the surface phase corresponds to the 
amplitude of vibration of the adsorbed ion perpendicular to the plane 
of the surface. The small variation of a(7’) with concentration shows that 
a(T) is a function of C4, 7.e., the concentration of the “surface phase” 
depends upon its volume, just as in the ease of the treatment in terms of 
the Donnan equations. 

A further connection between the two theories is that y is equal to 
the electrochemical potential given by 


_ BD, (Cs 
y= “rin (Gt) 


in the ‘‘surface phase’ treatment. 

The advantage of the Gilbert and Rideal theory for systems where a 
large molecule such as a dye is involved, is that activity coefficients in 
the “wool phase” do not have to be evaluated. The system involved 
would doubtless be far from ideal. 
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The authors are indebted to Dr. R. K. Schofield for stimulating 
discussion about the Gouy treatment. 


SUMMARY 


Recent theories of the distribution of ions at a charged surface have 
been examined, and have been compared with the practically convenient 
treatment. based on the idea of a definite “surface phase.” In particular, 
the equations of the Gouy theory have been shown to be compatible 


with those for a “surface phase” of thickness : to which the Donnan 
equations have been applied. 
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INTRODUCTION 


The possibility of determining molecular weights from surface pres- 
sure-area measurements on monomolecularly spread films has been in- 
dicated by the work of a number of investigators, in particular Adam (1) 
and his collaborators. However, there is some doubt about the practi- 
cability of such a procedure for molecules of relatively high molecular 
weight. Apparently Guastalla (2) was the first to use the method for 
certain large protein molecules such as gliadin, egg albumin, and hemo- 
globin. Bull (3, 4, 5) has carried out similar determinations for films of 
egg albumin and §-lactoglobulin spread on ammonium sulphate solutions 
and has obtained linear plots of ‘‘surface-pressure X area’’ against ‘‘sur- 
face pressure” for a range of surface pressure from about 1.0 down to 
0.10 dynes/cm. The values obtained by these two authors for the molecu- 
lar weights of several proteins are in good agreement with each other and 
with those obtained from osmotic pressure and ultracentrifuge measure- 
ments. 

The success of this method depends on the ability of the film, at low 
surface pressures, to exhibit a gaseous region where its behavior is analo- 
gous to that of a perfect gas in two dimensions. In regard to protein films 
Adam (6) has stated “their molecules are much too large for gaseous films 
to be detectable.’”’ The existence of such a gaseous region for gliadin at 
measurable surface pressure has been questioned by Hughes and Rideal 
(7), who found that, at large film areas per molecule, the film pressure 
became constant. Similar results were obtained by Philippi (8) for 
B-lactoglobulin and serum albumin. Bull (9) has attributed these discre- 
pancies to differences in spreading techniques. 

A similar lack of agreement exists in the literature concerning the 
determination of the molecular weights of synthetic high polymers. Thus, 
Guastalla (10) has reported film molecular weights of about 40,000 and 
150,000 for two fractions of polyvinyl chloride, while Crisp (11) calcu- 


1 Issued as N.R.C. No. 1759. 
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lated that, for a fraction of polyvinyl acetate of molecular weight as small — 
as 4000, the film is not in a gaseous state until the film pressure is less than 
0.02 dynes/cm. The work of Crisp showed that the area occupied per unit 
of polymer is independent of its molecular weight. Similar results have 
been obtained by Moss (12) for polyethylene succinates and by Harkins, 
Carman and Ries (13) for polymers of w-hydroxydecanoic acid. 

These discordant results and statements have led the present authors 
to study in some detail the surface pressure-area curves for a number of 
different fractions of polyvinyl acetate polymers. These polymers were 
chosen because of their good spreading characteristics (11, 14) and low 
solubilities in water. 


APPARATUS AND MATERIALS 


Determinations of the surface pressures were made by the Wilhelmy 
method as developed by Harkins (15, 16) and his coworkers. A good 
analytical chainomatic balance was used as a semi-null instrument. Bal- 
ance was obtained to the nearest mg. by means of the chain, and devia- 
tions from zero of a glass fiber attached to the end of the pointer were 
read with a microscope having an eyepiece scale. Using a thin microscope 
cover glass, 5 cm. wide and 0.02 cm. thick, suspended from one arm of the 
balance, one division of the eyepiece corresponded to a change in weight 
of about 0.02 mg. In this way changes in pressure of the order of 0.002 
dynes/cm. could be observed. The balance was so arranged that, when 
the beam was brought to rest, off the knife edge, the slide was immersed a 
millimeter or two more than when the beam was on the knife edge and 
the pointer at zero. This procedure facilitated good wetting of the slide. 
The beam was brought to rest after each pressure reading, before the film 
was compressed for the next. 

The tray, with inside dimensions 115 X 20 X 1 cm. and an edge 1 
cm. wide, was made of brass. The interior and top edge of the tray were 
gold plated. Strips of plate-glass 1.8 em. wide and 0.6 cm. thick were 
used as barriers. These could be moved along the tray by forks carried 
by a cross-piece which, in turn, was driven by a threaded rod having 10 
threads/in. and mounted in the supporting framework beneath the tray. 
The tray and supporting framework were enclosed in a glass case stand- 
ing on two massive concrete piers. Provision was made for maintaining a 
high relative humidity within the case. During a “run” the barrier could 
be controlled from outside the case, and its position relative to the 
threaded rod was recorded by a counter and circular scale divided into 
200 parts. Back lash in the coupling between the threaded rod and the 
cross bar carrying the forks was greatly reduced by use of a specially de- 
signed spring nut. The accuracy of the threaded rod was checked with a 
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cathetometer. The dimensions of the tray and glass slide were carefully 
calibrated. 

The paraffin used to coat the barriers and edges of the trough was 
suitably purified and leached with hot water. The distilled water em- 
ployed throughout the research was redistilled from alkaline permangan- 
ate in an all Pyrex still, according to the recommendations of Bauer (17). 
The solvents, benzene and petroleum ether, were also redistilled in a 
Pyrex still. In the case of the latter, a fraction boiling between 60° and 
65°C. was collected. Both solvents were tested for surface active material 
by spreading them on a water surface, waiting for them to evaporate, and 
finally measuring the change in surface pressure on compression. 

The polyvinyl acetate polymers were commercial ‘Gelvas’” manu- 
factured by Shawinigan Chemicals, Ltd. The method adopted for purify- 
ing them has been outlined by Robertson, McIntosh and Grummitt (18). 
Eastman Kodak reagent stearic acid was used to check the performance 
of the surface balance. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The general techniques of monomolecular film work have been well 
described in the literature. No attempt will be made to repeat the details 
here. 

The water surface was cleaned by repeated sweeping with the barriers. 
This process was continued until a 90% decrease of surface area resulted 
in an increase of surface pressure of less than 0.05 dynes/cm. 

All solutions were prepared gravimetrically, but the final amount 
spread on the surface was measured volumetrically with a Blodgett (15) 
pipette. Several pipettes with volumes of about 0.1 ml. were used. The 
deliveries of these were calibrated and were reproducible to a few tenths 
of 1%. Good agreement was obtained between films spread with different 
pipettes. In calculating the amount of material spread on the surface, 
allowance was made for the change in density of the solution with temper- 
ature. The solution was spread dropwise from the Blodgett pipette, keep- 
ing the additions near the center of the tray and touching each drop to 
the surface. The film was allowed to stand for 10 mins. to permit evapora- 
tion of the solvent before compression of the film was started. 

When stating surface areas, the increase in area due to curyature of 
the surface at the glass slide and the edges of the trough was taken into 
account. In this connection, images of the water surface near the edge of 
the tray suitably illuminated by an arc lamp, were projected on a screen 
by a lens system. These magnified images were traced and measured, thus 
making possible the calculation of correction factors. 

As mentioned previously, the apparatus and technique was checked 
by measurements on stearic acid. Films of this material were spread from 
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petroleum ether solution on a substrate of 0.01 N sulphuric acid. The 
“surface pressure-area”’ or ““F-A”’ curve obtained was similar to that given 
by Nutting and Harkins (19). The average value of the limiting area at. 
zero film pressure obtained from seven individual determinations was 
24.33 A?/molecule with a deviation from the mean of +0.37%. If this 
error is expressed as a percentage probable error of the mean, the final 
result may be stated as 24.33 + 0.12% A?, which compares favorably 
with the 24.41 + 0.18% A? given by Nutting and Harkins. 

Films of the polyvinyl acetates were spread from benzene solution on 
water substrate. In studying the F-A curves of these polymers it was 
convenient to divide them into two ranges, a dilute range where the 
surface pressures were less than 2 or 3 dynes/cm. and a more concentrated 
range from 1 dyne/cm. to collapse pressures. The solutions spread to 
obtain these two ranges were, respectively: 


(a) about 2.5 X 10-4 g. of polymer/g. of solution; and 
(b) about 6.5 X 10-4 g. of polymer/g. of solution. 


The overlap of the two ranges between 1 and 3 dynes/cm. was used as a 
check on the consistency of the measurements. In general, this matching 
was not perfect; the upper part of the curve from an (a) solution lay 
slightly above the low pressure end of the curve from a (b) solution, and 
deviations became more noticeable upon further compression of the film 
from the less concentrated solution. Thus, at an area of 3100 m.?/g. 
(surface pressure about 1.5 dynes/cm.) the curve for an (a) solution was 
roughly 0.05 dynes/cm. higher than that for a (b) solution, while at 
2600 m.*/g. (surface pressure about 2.5 dynes/cm.) the difference was 
approximately twice as large. This effect was apparently due to contamin- 
ation of the surface, which became more noticeable as the originally more 
dilute film was compressed. If an (a) solution was spread at a smaller 
initial area, such that the initial surface pressure reading was 1-2 dynes/ 
cm., the curve obtained on compression checked the lower end of the 
curve from a (b) solution. 

The preceding remarks apply to films of all the polyvinyl acetate 
polymers studied, except the highest molecular weight fraction. The be- 
behavior of films of Gelva V 1700 was somewhat anomalous. For this 
polymer, curves from (a) solutions lay slightly below those from (b) 
solutions in the overlap region. The surface pressure-area plots for films 
spread from solutions of an intermediate concentration 


(c) about 3.8 < 10-4 g. of polymers/g. of solution 


lay between the previous two. On the other hand, further dilution of an 


(a) solution did not change the F-A plot. At present no adequate explana- 
tion can be given for this effect. 
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The polymer films in most cases appeared quite stable except when 
the rate of compression was too great. For the low pressure range, the 
compression could be quite rapid and steady values of the surface pres- 
sure result. However, for pressures greater than a few dynes/cm., too 
rapid a compression led to falling values of the surface pressure. These 
drifts if followed did not end in a reproducible value. Often the final value 
obtained in such a case was lower than the equilibrium value observed by 
slower compression of the film. Steady readings were obtained when the 
increase of surface pressure did not exceed 0.5 dynes/cm. every 6 mins. 
Under these conditions, the surface pressures were reversible within a 
few hundredths of a dyne/cm. for small expansions and compressions. 

For films of Gelva V 14 steady surface pressures above 2 dynes/cm. 
were unobtainable. Higher pressures fell off noticeably, and steady 
readings could not be obtained by any reasonable decrease in the rate of 
compression of the film. In this case, an approximate idea of the F-A 
curve was obtained by compressing the film at about the same rate as 
for the other polymers and disregarding the drift observed in the readings. 
This observed instability of films of Gelva V 13 is probably attributable 
to the higher solubility of. the lower molecular weight components of the 
fraction as the surface pressure is increased. Crisp (11) has made a similar 
suggestion to explain the lower value of the limiting surface area obtained 
for polyvinyl acetate polymers of small chain length. 

The surface pressure-area measurements for each polymer were 
~ checked for reproducibility by doing 3 or 4 runs on films spread from at 
least two completely independent solutions. These results were plotted on 
large scale graphs, smooth curves were drawn and the values of the surface 
pressure were read off at rounded values of the surface area/g. Corre- 
sponding numbers from different runs on the same polymer were aver- 
aged. Except in the case of Gelva V 1700, the overlap between curves 
from (a) solutions and (b) solutions was adjusted by empirically lowering, 
on a percentage basis, the averaged results from (a) solutions over a 
pressure range from about 0.8 to 1.5 dynes/cm. In this way a continuous 
curve was obtained. 

A typical F-A plot is illustrated by curve (A) of Fig. 1. Curve (B) 
shows results for Gelva V 14. The dotted upper portion of the latter curve 
represents non-equilibrium readings as mentioned previously. Since it is 
impossible to indicate the separate curves for the other polymers on a 
small scale graph, a few of the final smoothed values are given for com- 
parison in Table I. The anomalous behavior of Gelva V 1700 has been 
illustrated by indicating in separate columns the values obtained for 
films spread from the 3 different solution concentrations. Small changes in 
temperature from one run to another were found to have no noticeable 
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effect on the curves. The average temperature within the case containing 
the trough was about 25 + 1°C. during the course of this work. 


DIscussION 


The general characteristics of the polyvinyl acetate films studied in 
this research may be summed up as follows. The surface pressure-area 
curves for these polymers are almost identical, showing only a slight 
dependence on the average molecular weight of the fraction. Thus, surface 
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Fig. 1. A, Typical surface pressure-area curvé for polyvinyl acetate polymers; 


B, Surface pressure-area curve for Gelva V 13; C, Differential coefficient Tar plotted 
against surface area. 


pressure must be associated more closely with the polymer unit than with 
the molecule. Above 23 dynes/em., films of Gelva V 1700 appear to 
exert slightly greater surface pressures than the lower polymers at com- 
parable surface concentrations. This may indicate a second order depend- 
ence on molecular weight. In this same region of pressure, Crisp (11) 
has noted that “the molecular weight has a small but definite effect on 
the mechanical properties of the film, the higher fractions gelating at 
slightly larger areas and lower surface pressures.” Certainly the restraint 
imposed by the bonds between the polymer units might be expected to 


SURFACE PRESSURE-AREA MEASUREMENTS 329 


TABLE I 


Average surface pressures for polymers (in dynes/cm.) 


sad Gelva V 1700 
Gelva Gelva Gelva Gelva Gelva 
Vik V7 Vals V 45 V 360 Spread Spread Spread 
from an (a)| from a (c) | from a (b) 
solution solution | solution 
m.2/g. eRe ate al 
9800 0.128 0.067 0.072 0.058 0.044 


9400 0.135 | 0.071 0.077 0.064 0.072 | 0.046 

9000 0.145 | 0.076 0.082 0.072 0.078 | 0.052 

8600 0.158 | 0.081 0.092 0.083 0.086 | 0.055 

8200 0.171 0.089 0.104 0.092 0.096 | 0.061 

7800 0.189 | 0.101 0.118 0.106 0.107 | 0.071 

7400 0.208 | 0.118 0.135 0.122 0.122 | 0.086 

7000 0.232 | 0.140 | 0.157 0.140 0.142 | 0.103 

6600 0.263 | 0.166 0.188 0.167 0.165 | 0.124 

6200 0.298 | 0.203 0.223 0.199 0.195 | 0.152 

5600 0.366 | .0.277 0.291 0.266 0.257 | 0.212 0.226 
4800 0.519 | 0.435 0.442 0.422 0.410 | 0.344 0.392 
4000 0.798 | 0.748 0.749 0.732 0.702 | 0.609 0.681 
3600 1.016 1.003 0.999 0.991 0.948 | 0.830 0.926 
3100 1.442 1.502 1.467 1.511 1.445 1.285 1.400 1.44 


2900 1.74 1.80 1.81 1.81 1.76 1.55 1.67 1.73 
2700 2.10 2.18 2.19 2.16 2.13 1.88 2.04 2.12 
2500 (2.52) 2.64 2.65 2.62 2.60 2.30 2.50 2.61 
2300 (3.04) 3.22 3.23 3.22 3.20 2.83 3.07 3.21 
2100 (3.72) 3.96 4.01 | 3.98 3.97 3.46 3.73 3.98 
1900 (4.64) | 4.96 5.05 5.00 4.98 4.99 
1700 (5.92) 6.35 6.47 6.40 6.39 6.41 
1500 (7.74) 8.47 8.62 8.45 8.55 8.50 
1300 | (10.52) | 11.70 11.93 11.74 11.88 11.86 
1100 | (14.71) | 16.29 16.50 16.37 16.54 16.50 
900 | (19.31) | 20.90 20.99 20.89 20.95 21.03 
800 | (21.27) | 22.60 22.72 22.59 22.68 22.74 
700 | (23.06) | 23.92 23.95 23.93 24.00 24.07 
600 | (24.42) | 24.90 24.90 24.86 24.94 25.04 
500 | (25.40) | 25.59 25.56 25.52 25.56 25.70 
400 | (26.06) | 25.98 25.96 25.92 25.94 26.12 
300 | (26.42) | 26.21 26.18 26.12 | 26.16 26.39 


peers a es (De Pw Pre ON a 


exert some influence on the way in which the units can be crowded to- 
gether on the surface. The higher surface pressures observed for Gelva V 
1700 probably indicate that the larger molecules cannot be packed to- 
gether as closely as the smaller ones when orientated in the surface. 

It is customary to estimate the “limiting area” by extrapolation of 
the linear region of the F-A curve to zero surface pressure. Characteriza- 
tion of proteins by this procedure has been criticized by Bull (9), who 
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pointed out that the curves are only approximately linear. The same 
statement appears valid for polyvinyl acetate films. The F-A curves for 
these polymers show no extensive linear portion. This can be seen clearly 
from curve (C) of Fig. 1, where the differential coefficient (—dA/dF) is 
plotted against A. The areas at the point of inflection of each F-A curve, 
obtained from the minimum in plots of this type for the various polymers 
are shown in Table II along with the limiting areas obtained by drawing 


TABLE II 

Approximate molecular KK ainerornnfecs Limiting area at zero 

Polymer Nereny ee hon Testes ern es lalate A?/ 
Gelva V 14 2510 (15.0) (24.9) 
Gelva V 7 15.9 25.6 
Gelva V 15 61 GLO 15.7 26.0 
Gelva V 45 ley >< 1 16.0 25.4 
Gelva V 360 4.1 X 105 15.9 : 25.2 
Gelva V 1700 8.5 x 10° 15.6 26.0 
Av. 15.8 Av. 25.6 


tangents to the F-A curves at the points of inflection and extrapolating 
to zero value of the surface pressure. Omitting the results for Gelva V 13, 
which are undoubtably low due to solubility in the substrate, the average 
values for these two areas are 15.8 and 25.6 A2/polymer unit, respectively. 

It is rather difficult to compare the results of the present research 
quantitatively with the data of Crisp which are presented chiefly in 
graphical form. Also, a strict comparison of results for quite different 
preparations of polymers is open to question. In general, it would appear 
that, in the region above 2 or 3 dynes/cm. for the same value of the 
surface pressure, our values for the areas are about 1-2 A?/unit larger 
than those of Crisp. Thus, a limiting area of 24 A? was obtained by the 
latter. 

At small surface concentrations, films of Gelva V 14 exert noticeably 
higher surface pressures than those of the other polymers. On the other 
hand, films of Gelva V 1700 exert the smallest surface pressures. This 
may be taken as an indication of a trend toward “ideal gas” behavior. 
However, even at pressures below 0.1 dynes/cm., the films are not in a 
gaseous state. Plots of F X A against F for the low pressure region from 
0.3 dynes/cm. down to 0.05 dynes/em. are not linear but rather are 
concave towards the F-axis. Extrapolation of these curves to zero value 
of the surface pressure involves quite large uncertainties, and values of 
the molecular weights calculated from these intercepts are meaningless, 
although that for Gelva V 13 does seem to be of the right order of magni- 
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tude. Approximate molecular weights estimated from some unpublished 
osmotic data and the work of Robertson, McIntosh and Grummitt (18) 
have been indicated in the second column of Table II. In comparison, the 
molecular weight calculated from extrapolation of the F X A-F curve 
for Gelva V 13 is 3.1 X 10%, while that for Gelva V 1700, 9.9 X 103, is 
probably low by a factor of 100. 
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SUMMARY 


Except for solubility of low molecular weight fractions and anomalous 
spreading of the very high molecular weight fraction Gelva V 1700, the 
films of the polyvinyl acetate polymers studied were stable and well 
behaved. Extrapolation of the F < A-F plots for these films to obtain 
molecular weights does not appear feasible, as it would necessitate the 
accurate measurement of extremely small surface pressures in a region of 
low surface concentration, where unavoidable contamination introduces 
an increasing uncertainty in such measurements. 
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INTRODUCTION 


The abrupt change with concentration in many physical properties 
of aqueous solutions of long-chain paraffin salts has been attributed to 
the formation of colloidal aggregates (1), and the concentration at which 
this change occurs has been termed. “the critical concentration for the 
formation of micelles.’”’ It has been concluded, on the basis of the experi- 
mental observations, that the concentration of the aggregate, or micelles, 
must increase rapidly with overall concentration of the salt at concentra- 
tions exceeding the critical concentration. According to Grindley and 
Bury (2) this aggregation may be considered as a reversible process in 
which many paraffin chain ions coalesce to form a micelle. The rapid in- 
crease in aggregate concentration with overall concentration is then 
due to the large. exponent with which the ion activities enter into the 
mass law expression governing the equilibrium. Similar views have been 
advanced by Murray and Hartley (3) in discussing the solubility-temper- 
ature relationships in solutions of long-chain salts. 

An extension of this mass law treatment to other phenomena en- 
countered in the study of colloidal electrolytes is of considerable interest. 
In the present paper it is shown that such considerations lead to equations 
describing the effect of added salts on the critical concentration and to 
the variation of critical concentration with paraffin chain length for 
homologous series of long-chain salts. In a future paper, it is proposed to 
extend this treatment to the problem of adsorption of long-chain salts 
from aqueous solution. 


Tue Errect or SALTS UPON CRITICAL CONCENTRATION 


The effect of salts upon the critical concentration for the formation of 
micelles in solutions of colloidal electrolytes has been treated from the 
experimental standpoint in a previous paper (4). It was there shown that 
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the effect could be represented by an equation of the form 
log cmc. = —k, log C; + ho, (1) 


in which cmc. represents the critical concentration of the colloidal 
electrolyte; C;, the total concentration of the counter-ion; and ky and kp 
are constants. This relation was observed for potassium laurate, sodium 
dodecyl sulfate, dodecyl ammonium chloride and decyl trimethylam- 
monium bromide. It was also reported that the nature and concentration 
of that ion of the added salt which bore a charge of the same sign as that 
of the existing colloidal aggregate had no measurable effect on the 
critical concentration. 

Cassie and Palmer (5) have derived an equation of the above general 
form for the salt effect by an extension of the theory developed for the 
interfacial energy of colloidal electrolytes; they consider the charge 
density upon the micelle-solution interface as a function of the concen- 
tration of long-chain ions and ions of added salt. This treatment leads to 
the conclusion that the only ions which are effective in lowering the 
critical concentration are those possessing a charge opposite in sign to 
that on the aggregate. In their equation, however, k; has the value unity 
while experimentally it varies from 0.570 to 0.343 in those instances 
investigated. No possible reason for this discrepancy will be considered 
here. 

This problem can, however, be approached from the standpoint of 
the law of mass action governing the equilibrium between the unassoci- 
ated long-chain ions and the aggregate. This equation takes the form 


(YaC'a) 
(yaC'a)™(ysC's)” 


where Ya, Ys, and ya are the activity coefficients of the long-chain ion, the 
counter-ion and the aggregate, respectively; Ca, C,, and C, are the 
corresponding concentrations; m and n are the number of paraffin ions 
and counter-ions, respectively, entering into one micelle; and K is the 
equilibrium constant. The phenomenon of micellization is thus con- 
sidered represented by the following process: 


mD* + nS* 2 (DmSn)FO—™, 


=k, @) 


in which D represents the long-chain ion and S the counter-ion. It is, of 
course, necessary that the sign of charge on D be opposite to that on S. 

A theory concerning activity coefficients in solutions of such highly 
assymmetrical, high-valent electrolytes is lacking; this problem has been 
discussed by Hartley (6). It is therefore assumed in the following dis- 
cussion that, in accord with both experimental (7, 8, 9, 4) and theoretical 
(6) conclusions, the ionic strength principle is herein valid. For want of 
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further information the activity coefficient ratio, (ya)"(vs)"/(¥a), 
assumed independent of the various concentrations at the critical con- 
centration; this ratio will be designated as R. Actually, the concept of 
activity Kubmnblonts in systems similar to those under consideration is 
not particularly helpful due to the difficulties encountered in the choice 
of standard states. 

Eq. (2) may be written in the form (3) 


R(Ca’)™(1-x)"(C,/)"(1-an/m)” = Ca’'x/Km, (3) 


in which z represents the fraction of long-chain ions in aggregated form 
and the primed, C’s stoichiometrical concentrations. It will be further 
assumed that m and n are essentially indepenent of salt concentration at 
the critical concentration; this is equivalent to the constant surface- 
charge-density assumption of Cassie and Palmer. Then, making the ap- 
proximation that, at the critical concentration, x is negligibly small 
compared to unity, 


log Ca’ = (—n/m) log C,’ + (1/m)log Ca’x — (1/m)log KRm. (4) 


It is necessary at this stage to define the term ‘‘critical concentration” 
in terms of the reversible aggregation process (10). A convenient and 
satisfactory definition is that the critical concentration represents the 
total concentration of long-chain electrolyte at which, for compounds 
possessing the same polar head-group, a small and constant number of 
long-chain ions are in aggregated form. The number of aggregated ions 
at the critical concentration for a homologous series of paraffin chain 
salts is thus independent of the hydrocarbon chain length. This definition 
is in accord with the nature of the end-point in the determination of criti- 
cal concentrations by the dye spectral method (11). If, as is likely, the 
dye is adsorbed at the interface micelle-solution, the onset of measurable 
adsorption and consequently the end-point would occur at the same total 
micellar area for long-chain electrolytes with the same polar head-group. 
It has been shown that for a given head-group the area occupied by each 
long-chain molecule on the surface of the micelle is, regardless of chain 
length or total concentration, a constant (12). Consequently, the con- 
centration at which a constant micellar area is attained is dependent only 
upon the number of ions in aggregated form. 

Since the number of such aggregated ions is C4’x, Eq. (4) becomes 


log cmc. = —(n/m) log C,’ + const. (5) 


since at the critical concentration C,’ = cmc. within the approximation 


that x is small. 
The constant /, in the experimental Eq. (1) thus represents the ratio 


of the number of counter-ions to long-chain ions entering into the micelle. 
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The values of this ratio, as expected, are less than unity and vary for 
different polar head-groups. It has been shown by S. H. Herzfeld (13) 
that the value of k: for potassium caprate is equal, within experimental 
error, to that for potassium laurate. Values of the ratio given below are 
reproduced from an earlier paper (4). 


Long-chain electrolyte —ki =n/m 
Potassium laurate 0.570 
Potassium caprate (13) 0.562 
Sodium dodecyl sulfate 0.458 
Dodecyl ammonium chloride 0.562 
Decyl trimethylammonium bromide 0.343 


The values of this ratio as determined by the salt effect on critical con- 
centrations are in fairly good agreement with those calculated by Hartley 
(14) on the basis of freezing point, electromotive force and mobility 
measurements. 


Tue Errect oF HypRoOcARBON CHAIN LENGTH 
UPON CRITICAL CONCENTRATION 


It has been reported by Hess, Philippoff and Kiessig (15), by Scott 
and Tartar (16), by Hartley (14), by Stauff (17), and quoted by Harkins 
(18) that the relationship between critical concentration and hydro- 
carbon chain length for a homologous series of long-chain electrolytes is 
given by 

log emc. = k3N + ka (6) 


or, in the equivalent form used by Harkins, 
(eme.)y/(eme.)y’ = BO’), (7) 


where N is equal to the number of carbon atoms in the paraffin chain and 
ks, k, and B are constants. These equations are valid only over a limited 
range of hydrocarbon chain lengths. 

From Eq. (2) and the assumption that the activity coefficient ratio, 
R, is constant at the critical concentration 


(Nom) /Rm) (na/na™™) = exp (—AF°/N.kT), (8) 


where AF” is the standard free energy of micellization; ng and nq are the 
number of long-chain ions in aggregated and unaggregated forms res- 
pectively; N., Avogadro’s number; k, Boltzmann’s constant and T, the 
absolute temperature. The absence of an n, term is due to the fact that, at 
the critical concentration, n, is approximately equal to ng in the absence 
of added salt. 

Micellization occurs due to the reduction in free energy brought about 
by removal of the hydrophobic carbon chains from solution in an aqueous 
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environment to the nonpolar interior of the micelle. The free energy of 
micellization may be considered as a sum of terms including that de- 
scribed above, a term involving the repulsion of the head-groups in the 
micelle and others of lesser importance. Only the first term would be 
expected to depend on the length of the hydrocarbon chain if the same 
head-group were involved. Designating this environmental term as 
AF,’ and placing all terms independent of chain length in AF’, 


AF® = AF; + AF;° = kyN + AF;°, (9) 


where N is the number of carbon atoms in the chain and k; is a constant. 
This is true only for chains of such length that a change in length does not 
affect the head-group repulsion. 

Eq. (8) then becomes 


Y (no/na*™) = o exp (—kiN/N.KT), (10) 


where y is equal to N,“+"-) /mR and ¢ is equal to exp (—AFz°/N.KT). 
This may be written in logarithmic form as 


logio Na = [0.4384k1/N kT (m+n) ] N + (1/m+n) logio(¢ a/v). (11) 


It was assumed previously that m and n are independent of concentration 
at the critical concentration which, in turn, was defined as that concen- 
tration at which n, is constant for long-chain electrolytes with the same 
head-group. Since ng is proportional to the critical concentration 


logio cmc. = k3sN + ky (12) 
at constant temperature. In this expression 


ks = 0.434 kr/N.kT(m+n) and 
kg = (1/m+n)logio(? na/v) + logio No. 


Since kr, m,n, y, and ¢ are temperature dependent, k3 and k, should vary 
with temperature. 


SUMMARY 


It is shown that the effect of salts upon the critical concentration for 
the formation of micelles in solutions of long-chain electrolytes can be 
treated by considering the mass law as applied to the equilibrium between 
the unassociated long-chain ions, counter-ions and the aggregate. From 
the experimental observations, it is possible in this manner to calculate 
the ratio of long-chain ions and counter-ions which enter into the micelle. 

Similar considerations lead to the development of an equation which 
describes the variation in critical concentration with paraffin chain length 
for long-chain paraffin salts possessing the same polar head-group. 
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INTRODUCTION 


This paper describes the results of an investigation of the polymorph- 
ism of anhydrous calcium stearate, using differential thermal analysis 
and X-ray diffraction methods, undertaken as a part of a study of the 
phase behavior of calcium stearate in hydrocarbon solvents. It was further 
established that calcium stearate, like calcium palmitate (8), forms a 
monohydrate whose stability and polymorphism likewise were examined. 

The manufacture of calcium-base greases has long been rather more 
of an art than a science; the practical properties of the grease are known 
empirically to depend on the exact manner of incorporation of the soap 
in the oil, as well as on the gross chemical composition, and the presence 
of additives such as water, esters, free fatty acids, etc. Regarding grease 
as a gel of fine soap crystallites possibly dissolving some oil and enmeshing 
the rest, it is apparent that processing conditions affecting the rate of 
crystallization will affect the texture and stability of the resulting grease. 
However, it seems likely that the crystal form itself may be dependent on 
the processing conditions, particularly in view of recent developments in 
the technology of aqueous sodium soap systems (1, 5, 20, 21). Thus, the 
possible crystal forms of calcium stearate and their rates of interconver- 
sion under different conditions become of interest. 

In addition to several different crystal forms, some of which may be 
hydrates of low water content, the sodium soaps exhibit a sequence of 
transformations to mesomorphic states intermediate between crystal and 
true liquid (22). Some light may be thrown on the nature of this stepwise 
melting by comparing the behavior of soaps of different cations, in 
addition to that supplied by comparisons between the sodium soaps of 
homologous fatty acids (17, 18). 


1 This work is part of a project on phase studies of greases supported by the Office of 
Naval Research under Contract No. N6onr-238-TO2, directed by Dr. Robert D. Vold. 
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EXPERIMENTAL 


The calcium stearate used for this work, except for samples reported in the section 
on technical calcium stearate, was prepared by P. J. Arnis? by metathesis in alcohol 
solution between calcium chloride and potassium stearate. Dr. G. S. Hattiangdi of this 
laboratory has established, by determining the calcium content, that the formula of the 
calcium stearate so prepared is Ca(CisH3sO2)2. The stearic acid was obtained from the 
Eastman Kodak Co. and was further purified by fractional crystallization and recrystal- 
lization of its lead salt from alcohol, followed by recrystallization of the recovered acid 
from acetone.’ The acid had a m.p. of 68.8-69.5°C., an iodine number of 0.05, and an 
equivalent weight of 284.0. The prepared soap was free ‘of excess stearic acid and pot- 
assium and chloride ions. It was air dried at room temperature after washing with 
successively increasing concentrations of alcohol in water, and finally with ethyl ether. 
Comparative experiments were carried out on 2 samples of technical calcium stearate 
obtained from the Metasap Chem. Co., and on one prepared from Neo-fat 1-65 (Armour 
Chem. Div.). Constants for these are given in Table I. 


TABLE I 
Analytical Data for Technical Stearic Acids | 


Source of acid Iodine no. Equiv. wt. M.P. °C. (corr.) 
Armour Co. Neofat No. 1-65 4.5 287 65-66 
Recovered from Metasap Ca(Str)2, 
1941 sample 6.9 273 48-49 


1947 sample 3.6 282 56-57 


Recovered from Dr. G. S. Hattiangdi’s 
Ca(Str)2 3.0 267 54-56 


X-ray diffraction patterns were obtained using the North American Philips Co. X-ray 
spectrometer (7) with Cu Ka radiation, and automatic recording (by a Brown Electronik 
Strip Chart Recording Potentionmeter, model 153XlaV-X-30), of the intensity of the 
scattered radiation as a function of the diffraction angle between 2° and 50°. A systematic 
investigation of the dependence of the results upon instrumental variables and manner of 
sample preparation led to adoption of the following invariable routine: The X-ray tube, 
Geiger tube, and recording circuit were allowed to warm up for 30 minutes before each 
run. The slit widths defining the X-ray beam, and the angular width of the diffracted 
beam entering the Geiger tube, were held constant throughout, as were the controls of the 
amplifying circuit, the “amplitude,” and “damping.” The routine settings were: medium 
X-ray slit (width 1.5 mm.), angular divergence (horizontal) of beam 0° 47’; .medium 
Geiger slit (width 0.50 mm.), angular coverage, 20 = 0° 13’ 30”. \ 

Samples for X-ray examination were packed into a circular hole 5/8” in diameter 
cut in a 1 X 3” microscope slide, and smoothed off with a glass plate. This procedure does 
not eliminate the possibility, inherent in the design of the spectrometer, that anisometric 
crystallites may pack in an oriented rather than a random manner, hitas vitiating con- 


2 Deceased. 


* The purification was carried’ out b 
: y Dr. L. L. Lyon, present address, Institute of 
Industrial Research, University of Wichita, Wichita, eters y 
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clusions based on the relative intensity of bands in the resulting pattern. No definite 
procedure has yet been devised for detecting or controlling this factor. All that can be 
said is that no differences in pattern were found to result from further grinding of 
crystalline calcium stearate or from attempts to induce orientation by repeated unidir- 
ectional stroking of the sample. 

Measurements were made to 0.01° in the value of the diffraction angle (20, where @ is 
the Bragg angle). The position measured usually was the center of the band at half 
maximum intensity. Values of the spacings calculated from the measurements were 
reproducible to 0.02 A at large angles and 0.2 A even at angles as small as 20 = 5°, 
corresponding to the “long” or “ce” spacing of the soap. X-ray patterns given in this 
paper are pantograph reductions of the original curves. 

Differential thermal analysis was carried out in the calorimeter furnace described by 
Vold and Griffiths (20), but with completely revised controls and sample cells. One of 
the twin cells is shown in Fig. 1. The sample is seen to be essentially a cored cylinder, 


0.411" 
A B 


Fig. 1. Cross-sectional view of calorimeter cell. 
A—cap with thermocouple well. B—cell. 


with the thermocouples for temperature and temperature difference measurements 
located in the center of the core in a thin-walled (0.005’’) stainless steel well. 

For measurement of temperature difference a triple-junction iron-constantan thermo- 
pile was used. The junctions are insulated from each other by glass fiber woven sleeving 
further impregnated with silicone varnish (Dow Corning No. 996). The temperature 
difference between the sample cell and reference cell is recorded continuously by means 
of a Brown strip chart potentiometer, model 153X11V-X-Y-12. As supplied, this instru- 
ment has a range of 0-5 millivolts, with a pen travel of 12”. By replacing one of the 
internal resistances with a Leeds and Northrup variable resistance box it was found 
convenient to increase the sensitivity of the potentiometer by as much as a factor of 5. 
At maximum sensitivity, and using the 3-junction thermopile, one scale division (the 
position of the pen can be estimated to 0.1 division) corresponds approximately to 
AT = 0.08°. By adding a second variable resistance in parallel with another of the 
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internal resistances, it was possible to adjust the zero position so that both positive and 
negative values of AT’ could be recorded. The wiring diagram of the potentiometer circuit 
showing these changes is given in Fig. 2.4 

The temperature of the reference cell was recorded as a function of time by a single 
junction iron-constantan thermocouple attached to a Brown circular chart recording 
pyrometer, model 152P131P-68-15. This instrument is also a time-temperature pattern 
controller operating by transmitting a variable air pressure to a Conoflow air motor 
which controls the heat input to the calorimeter by turning the control dial of a 0-130 
volt “Variac” (General Radio Co., model VMT5). 

The operation of the entire calorimeter assembly is thus fully automatic. A given 
time-temperature pattern (in this casea linear rise of 1.5°/min.) can be imposed on the 
system. However, to eliminate fluctuations of the heating rate about the imposed value 
as a mean, careful adjustment of the controls of the instrument to the heat requirements 
of the particular calorimeter is necessary. The steady state temperature difference be- 


Slide Wire Unit 


Span 
Adjustment 


From Thermopile via R, (1) R, (2) Rg (3 
Amplifying Circuit ae = 


Fic. 2. Wiring diagram of strip chart potentiometer. Ra (8), 253.4 ohms; R. (4), 509.5 
ohms; Fa, 5.00 ohms; slide wire unit, 20 ohms. R, (1) was originally 2.474 ohms but was 
made variable by placing a 20-150 ohm resistance in parallel with it. 2; (2) was originally 
1.474 ohms but was made variable at from 0.3-1.5 ohms, the lower figure giving maximum 
sensitivity. 


tween sample and reference cells is proportional to the heating rate (15), and conse- 
quently fluctuations in heating rate must be avoided if a smooth base line is to be 
obtained. The two controls are ‘throttle range,”’ governing the per cent of available air 
PO supplied for a given deviation between the actual and control temperature, and 

automatic reset.”” The former adjustment applies full air pressure for a temperature 
deviation equal to a given per cent of the full range (400°C.). Thus, 20% throttling means 
that Te of the controlling air pressure is applied for an 80° deviation, 10% for 8°, etc. 
The automatic reset’”’ controls a gradual continuous increase in applied air OCS: 
which is superimposed on the partial “high-low” control of the throttling range adjust- 
ment. Its principles are fully discussed by the suppliers (23). The type of base line 
obtained in the present instance is given in Curve I of Fig. 3. The choice of control 
settings for best results with the given furnace (20% throttling, reset dial 9, 30-120 volts 
applied for 0-100% air pressure) was determined by trial and seth 


ki : 
The authors are indebted to Dr. T. M. Doscher for suggesting these changes, and 
or assembly of the entire control system here described. 
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Procedures 


Samples for X-ray analysis of dry calcium stearate were prepared by sealing about 
0.6 g. of dry soap in an evacuated pyrex tube, and then heating the soap to the desired 
temperature for 1 hr. The tube was then quenched in a dry ice-alcohol bath, allowed to 
warm to room temperature, and opened. The treated soap was powdered with a minimum 
of grinding and loaded into an X-ray slide. Many modifications of this thermal treatment 
were carried out, as shown in the tables of data and description of the results. 

Samples for calorimetric study were packed into the calorimeter cell and given the 
desired thermal pre-treatment directly in the cell, before running. 


EXPERIMENTAL RESULTS 


Visual Observations during Heating and Cooling 
Anhydrous Calcium Stearate 


Bulk samples (1-2 g.) were placed in sealed pyrex glass tubes and 
observed in an air oven provided with glass windows as it was heated at 
the rate of 1-2°/min. No change was detected below 123°,° although 
during drying at 110°, P. J. Arnis observed that the powder seemed more 
coherent beginning at about 100°. At 125° the loose particles coalesce and 
the whole mass becomes somewhat translucent. At 150-155° it becomes 
nearly transparent. At about 200°, a slight loss in transparency and in- 
crease in fluidity is discernible. The phases present between 125 and 150° 
and 150 and 200° and above, though faintly orange in color between 
crossed polaroids, do not have the conspicuous brilliant anisotropy char- 
acteristic of the liquid crystalline forms of anhydrous sodium soaps. 

A small sample was placed in a sealed flat capillary and observed 
during heating and cooling in a small furnace (16) mounted on the stage 
of a Bausch and Lomb polarizing microscope under 50X and 100X 
magnification. Again no change was observed below 123°. At this tempera- 
ture a marked increase in translucency occurs. At 150°, the whole sample 
becomes very nearly transparent and flows together. Trapped bubbles, 
however, do not assume a spherical shape and there is a pebbly structure 
visible. At 195° minute bright hair-like spots appear and the sample 
simultaneously becomes brighter. The same characteristic changes are 
observed on cooling. 


The Hydration of Calcium Stearate 


The Arnis preparation of calcium stearate, air-dried at room tempera- 
ture, loses 2.73% water at 110°C., close to the 2.88% calculated for the 
stoichiometric monohydrate Ca(Str)2-H.O. The per cent water lost by 
the hydrous material as a function of drying temperature in air under 
otherwise constant conditions (sample weight and area of exposure, time, 


5 All temperatures are expressed in °C. 
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relative humidity, drafts, etc.), shown in Fig. 3, is strong presumptive 
evidence that the material is a stoichiometric hydrate with a decomposi- 
tion temperature near 110°C. at 1 atm. total pressure. A similar hydrate 
has been reported by Buerger for calcium palmitate (8). Héppler (9) 
reports the existence of a dihydrate of calcium oleate. 


25 


2.0 


% WEIGHT LOST 


20 40 60 80 100 120 140 
DRYING TEMPERATURE, °C. 


Fic. 3. Loss of weight of Ca(Str)2 on drying. Obtained by 
heating sample for 2 hours at each temperature. 


DIFFERENTIAL TEMPERATURE 


TIME 


Fic. 4. Differential thermal analysis of anhydrous crystalline calcium stearate. 
Curve I, base line obtained with Nujol in both sample and reference cells. Curve II, 
heating Ca(Str)2 at 1.5°/min. Curve III, cooling Ca(Str)2 at from 2.5°/min. at 200° to 


0.5°/min. at 100°. Temperatures of increase or decrease of AJ’, as marked, indicate 
transitions. 


That the hydrated material is a true compound is further demonstrated 
by the results of X-ray diffraction. Fig. 5 shows the patterns obtained for 
the hydrous and anhydrous material, for a mechanical mixture of the two 
in equal weights, and for samples of intermediate water contents prepared 
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by partial drying of the hydrous material. The positions of the centers of 
the most prominent bands in the diffraction patterns are given in Table 
II. These were calculated from the Bragg equation using \ = 1.542 A (2). 
It is apparent that the hydrate and the anhydrous material give qualita- 
tively different patterns, and that partially dehydrated samples give 
patterns substantially identical with those of mechanical mixtures of the 
hydrate and the anhydrous soap. The pattern published by Smith and 
Ross (13) for “normal” calcium stearate appears to be that of the mono- 
hydrate, although it might possibly be the result of use of a less ‘pure 
stearic acid (cf. section on technical calcium stearate). 


INTENSITY 


DIFFRACTION ANGLE, 26 


Fic. 5. X-ray diffraction patterns for partially dehydrated Ca(Str)2-H:O. Water 
content: I, 2.73%; II, 2.60%; III, 1.82%; IV, 1.86%; V, 0.85% VI, 0.00%. 

Curve IV was obtained on a mechanical mixture of equal weights of the materials 
used for curves I and VI. 


Anhydrous calcium stearate adsorbs 0.2% moisture on exposure to 
laboratory air at room temperature for one hour, 0.1% in the next hour, 
and very little thereafter. However, it does not recrystallize to the 
hydrate appreciably (as judged by the absence of any change in the 
diffraction pattern) when suspended in liquid water at room temperature 
or at 60°C. for as long as 36 hours. At 100°C., however, reformation of the 
hydrate is substantially complete after the anhydrous material has stood 
for.one hour in contact with liquid water. 


Calorimetric Results on Anhydrous Crystalline Calcium Stearate 


Curve II of Fig. 4 is typical of the several differential thermal curves 
for anhydrous crystalline calcium stearate (obtained by drying the 
prepared hydrate to constant weight at 110°C.). Detectable increases in 
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TABLE II 


X-Ray Diffraction Pattern for Partially Dehydrated Ca(Str)2-H 20 
Amplitude Values (Height of Diffraction Maximum) 
Arbitrary units 


Per cent H:O0 2.73 2.60 1.82 1.36 0.85 0.00 

Per cent hydrate 98.3 90.2 64.2 49.2 29.5 0.00 
d/n 
4.82 2 2 2 =e 2 —_ 
4.40 28 24 25 13 12 2 
4.13 23 22 25 20 42 43 
3.87 14 11 12 4 11 G 
3.67 as = = 4 10 13 
3.41 9 6 6 3 5 — 
2.50 2 2+ 3— 2 2 2 
2.38 2 4 4— a 2— 3 
2.28 5 5+ 5 2 2 ee 
2.21 = = — = 3 4 
2.18 2-— 2 3— 2+ 3 3 

Long oe 49.70 49.78 49.83 50.54 50.38 50.34 


« These are mean values. Fluctuations and shifts not greater than 0.02 A were found 
in the different samples. 


> This sample is a mechanical mixture of equal weights of hydrate and anhydrous 
material. 


¢ A dash indicates absence of a noticeable diffraction maximum corresponding to this 
spacing. 


the rate of heat absorption by the soap occur at 65°, 86°, 123°, and 195°C. 
No further evidence of transitions was found up to 280°C. Calcium 
stearate is reported to decompose with melting at about 350°C. (10). 
The behavior at 123° and 195° is typical of that expected for a true poly- 
morphic inversion. The temperature difference continues to rise as the 
transformation proceeds until a maximum is reached, at a position 
dependent on the rate of the transformation, the magnitude of its heat 
effect, and the rates of heat transfer between cells, and from furnace to 
cell. Thereafter, the temperature difference again declines to its steady 
state value. After the initial increases in AT beginning at 65° and 86°, no 
such decline is observed. It may be that the rates of these transformations 
are so slow that the expected maximum in AT’ is masked by the onset of 
the next succeeding transformation at the rate of heating employed 
(1.5°/min.), or it may be that the transformations are of the “second 
order,” 7.¢., involve only a discontinuous change in heat capacity rather 
than in heat content. 


Curve III of Fig. 4 is typical of those obtained on cooling calcium 
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stearate from above 200°C. The cooling rate is uncontrolled, though re- 
producible from run to run, being about 2.5°/min. at 200°C., and 0.5°/min. 
at 100°C. The transformation at 195° is readily reversible at the same 
temperature on heating or cooling. That at 123° is also readily reversible, 
usually with a few degrees of undercooling at this cooling rate. No evidence 
of transformations at 86° or 65° is obtained on cooling. This result is 
capable of 3 interpretations among which no choice can be made: (a) the 
heats of the transformations at 65° and 86° are too small to detect at the 
very slow cooling rate imposed by the design of the furnace, (b) the rates 
of these transformations are too slow, or (c) the transformations are 
second order, in which case they would be very difficult to detect with 
slow cooling. A fourth possibility, that the soap undercools through these 
changes, is ruled out by the finding that transformations occur again at 
65° and 86° on heating the cooled soap, provided it had not been heated 
originally above 145°C., 


X-ray Diffraction Data for Anhydrous Calcium Stearate 


In the absence of a satisfactory cell for obtaining diffraction patterns 
at controlled elevated temperatures, samples which had been quenched 
from various higher temperatures were examined at room temperature in 
the hope that the molecules would be frozen in the relative orientations 
characteristic of each of the high temperature forms. Fig. 6 shows the 
results obtained for samples quenched from 105°, 115°, 135°, 145°, 155°, 
170°, 225°, 267°, 280°, and 320°C. It is at once apparent that there is a 
difference at room temperature between samples quenched from 145° 


INTENSITY 
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Fic. 6. X-ray diffraction patterns of anhydrous Ca(Str). 
run immediately after quenching from various temperatures. 
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and 155°C. It was observed visually that calcium stearate becomes quite 
translucent at 150°C., and this temperature has been taken by some 
observers as the “melting point’ of the soap.® This transition at 150°C., 
despite the accompanying gross change in X-ray diffraction pattern, 
apparently does not have a significant heat effect (a suggestion of a heat 
effect at this temperature has been found in a few runs made with the 
differential calorimeter, while in others no indication of this transition 
was to be found). 

Table III gives values of d/n calculated from the observed diffraction 
bands, measured at the center of the band at half maximum amplitude or 
(for poorly resolved bands) at the top of the corresponding peak. For the 
smaller angles these values are readily identifiable as successive orders of 
a crystal spacing corresponding to the double length of the Ca(Str)2 
molecule (7.e., this spacing is c-sin 6, where B = angle between the axis 
of the molecule and the plane containing the polar (COO).Ca groups, and 
c = perpendicular separation of these basal planes). For larger diffraction 
angles, each of the bands is undoubtedly a composite of many reflections, 
to which little interpretation can be given until the lattice type and space 
group of the crystal is determined. However, these data are still of con- 
siderable value for purposes of identification and for studying the effect 
of various processing treatments on the sample. 

Samples quenched from above 150°C. are characterized by a pro- 
gressively decreasing intensity of the diffraction maxima arising from the 
long spacing, and loss of resolution among the short spacings, the two 
principal peaks at 4.12 A and 3.67 A being replaced by a broad halo whose 
center is about 4.18 A. The value of the long spacing also decreases 
significantly. Samples quenched from between 125° and 150° can be 
distinguished from those quenched from lower or higher temperatures by 
the intermediate intensity of the long spacings, coupled with the con- 
tinued sharpness of the short spacings, in agreement with the calorimeter 
finding of a major heat absorption at 123°C. 


Calcium Stearate Pseudo-Glass 


The translucent calcium stearate phase existing between 150° and 
195°C. is an anisotropic liquid or liquid crystal, since it exhibits spontane- 
ous double refraction of light, appearing bright when viewed between 
crossed polaroids. The quenched material at room temperature displays 
many of the properties associated with glasses, but since a glass is by 
definition an undercooled liquid, it is preferred to refer to the quenched 
liquid cyrstal as a pseudo-glass. 


The calorimetric behavior of calcium stearate pseudo-glass is shown 


* Listed as such in literature distributed by Metasap Chem. Co., Harrison, N. J. 
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by the curves of Fig. 7. Heat is absorbed continuously on heating, begin- 
ning about 72°C. and becoming more rapid at 108-1 17°C. The tempera- 
ture of more rapid heat absorption decreases as the quenching temperature 
increases. The fact that the pseudo-glass shows the same transition at 
195° as the crystalline material, indicates that above 150°C. both have 
reverted to the same state again. The same conclusion can be reached by 
comparing the differential cooling curves obtained for initially crystalline 
and initially glassy material (Curve III of Fig. 2 and Curve II of Fig. 7) 

There is some evidence that a partial devitrification of the pseudo-glass 
occurs as it is heated in the vicinity of 48°C. This is accompanied by heat 
evolution, since the temperature difference between the cells decreases 
instead of increasing. Fig. 3 shows the X-ray diffraction patterns of a 


DIFFERENTIAL TEMPERATURE 


TIME 


Fria. 7. Differential heating and cooling curves for calcium stearate ‘‘pseudo-glass.”’ 
Curve I, heating. The dotted line represents a short interruption in measurements for 
instrument adjustment. Curve II, cooling. 


sample quenched from 320° before and after reheating to 60°C. Three 
orders of the long spacing appear after reheating to 60° in place of the one 
detectable immediately after quenching, and the value of the long 
spacing has increased from 48.2 A to 49.3 A. The original halo, centered 
at 4.15 A, has been shifted to 4.08 A, and also shows evidence of having 
several partially resolved crystalline reflections superposed on it. 

The third curve of Fig. 8 was obtained on a sample of pseudo-glass 
formed by quenching from 320°C., and mounted directly in the X-ray 
beam without previous powdering. The long spacings are completely 
absent and the halo rather broader and centered at 4.27 A. This indicates 
that the small amount of grinding associated with preparation of the 
other samples in powder form probably produces some devitrification. 

The pseudo-glass, in contrast with the dry crystalline material, 
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readily reforms the crystalline hydrate in contact with either liquid water 
or water vapor at room temperature, as is demonstrated by the diffraction 
method. Curve IV of Fig. 8 is that of a glassy sample after exposure to 
liquid water for 45 mins. at room temperature. 
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Fie. 8. X-ray diffraction patterns of Ca(Str)2 pseudo-glass. I, quenched from 320°; 
II, same material after reheating to 60°; III, same as I, but unground sample; IV, same 
material as I after exposure to H.O for 45 min. at room temperatures. 


Reversibility of the Transformations of Anhydrous 
Calcium Stearate 


The transformation at 195°C. is rapidly reversible and is always 
found on the curve of temperature difference vs. time for samples cooled in 
the calorimeter (cooling rate of about 2.5°/min. at this temperature). 
At 150° or above, rapid cooling (quenching, 100°/min.) produces the 
pseudo-glassy form discussed above. The differential heating curve and 
X-ray diffraction pattern of a sample which had been cooled slowly 
(1.5°/min.) from 280° to 135° and then quenched are given in Fig. 9. The 
heating curve is intermediate between those for pseudo-glassy and 
crystalline calcium stearate, favoring the latter; the diffraction curve is _ 
also intermediate, but resembles that of the glassy material more closely 
in the weakness of the reflections due to the long spacing. The transforma- 
tion at 123° appears to be completely reversible on cooling at 1.5°/min., 
although there is a tendency for undercooling of a few degrees, as already 
pointed out. A sample quenched from 138°C. showed, on reheating, trans- 
formations at 88°, 112°, and 152°, indicating that a metastable state 
resulted which did not revert to the normal form on reheating at 1.5°/min. 
until the “parent” form of the pseudo-glassy state was reached. Although 
no direct evidence for the reversibility of the transition at 86° has been 
obtained, it is always present on reheating samples either quenched or 
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slow-cooled from above this temperature. The same is true for the change 
at 63°, insofar as slow-cooled samples are concerned, but not for quenched 
samples. 


INTENSITY DIFFERENTIAL TEMPERATURE 


TIME, or DIFFRACTION ANGLE, 28 


Fic. 9. I, differential heating curve, and II, X-ray diffraction pattern of anhydrous 
Ca(Str)2 cooled slowly from 280° to 135° and then quenched. This material is sufficiently 
different from cystalline Ca(Str)2 (form VI) and also from the pseudo-glassy form 
(VI) to suggest the existence of a metastable form (VI’). 


Aging Experiments on Quenched Samples 


Some of the samples whose diffraction curves are given in Fig. 5 were 
allowed to age at room temperature and reexamined after 9 days and 


INTENSITY 


DIFFRACTION ANGLE, 20 


Fic. 10. X-ray diffraction patterns obtained after different aging periods with 
quenched samples. Upper curves for sample quenched from 135° run immediately (I), 
and aged for 9 days (II), and 11 weeks (III). Lower curves for samples quenched from 
267° and run immediately (IV), and aged for 9 days (V). 
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again after approximately 10 weeks. Typical time sequences for a pseudo- 
glassy sample (quenched from above 150°) and for a-erystalline sample 
(quenched from below 150°) are shown in Fig. 10. The glassy sample 
(VI” of Fig. 14) apparently reverts slowly to the crystalline form (VI of 
Fig. 14) on standing. Even though the samples were covered (with scotch 
tape over glass on the X-ray slides), the developing crystal pattern is 
that of the monohydrate. The crystalline sample also reverts slowly from 
the metastable form (VI’), presumed on the basis of calorimetric data, to 
the stable form (VI). After 9 days, both patterns are present, superposed 
on each other. 


Results on Technical Calcium Stearate? 


Figs. 11 and 12 contain the X-ray diffraction patterns of dry and 
hydrated calcium stearates of various origins. Analytical data for these are 
given in Table I. Transition temperatures of these samples, as determined 
from differential heating curves, are given in Table IV. The 3 distinct 
transformations of the pure crystal at 65°, 86°, and 123° are but poorly 
resolved from each cther, if at all, in the less pure preparations. The X-ray 
diffraction patterns of the hydrates do not differ appreciably from that of 
the pure soap except in relative intensity of the different lines. However, 
as is clear from Fig. 11, the patterns of several of the anhydrous calcium 
stearates prepared from these acids resemble that for the pure hydrate 
rather than that of the pure anhydrous soap. It seems that the oleate or 


INTENSITY 


DIFFRACTION ANGLE, 28 


Fic. 11. X-ray diffraction patterns of anhydrous Ca(Str)2 from different sources. 
The numbers on these curves refer to the corresponding samples in Table IV. 
a ee SS 

7 Included with these is a calcium stearate prepared and studied by Dr. G. S. Hatti- 
angdi of this laboratory in connection with an examination of a series of metal stearates. 
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INTENSITY 


DIFFRACTION ANGLE, 26 


Fic. 12. X-ray diffraction patterns of hydrous Ca(Str)2 from different sources. 
The numbers on these curves refer to the corresponding samples in Table IV. 


TABLE-IV 
Calorimetric Transition Temperatures of Calcium Stearates 


Sample no. Source of Ca(Str)e Transition temperatures °C. 
I Arnis Preparation 65 86 123 195 
II Metasap Chemical mone — 86 ca. 109 | not rte po 
Il — = ca. 108 187 
IV From Armour Acid No. 1-65 = 73 114 nd 184 
Vv G. 8. Hattiangdic — 89 107 190 


* Dash indicates transition was absent. 

> IT is a sample supplied in 1941 and III a sample supplied in 1947. Sample III showed 
continuous heat absorption throughout the region of the 65° and 86° transitions and 
earlier, but only the two recorded definite peaks. 

¢ This sample also exhibited a detectable thermal effect corresponding to the trans- 
ition at 150° found only by X-ray methods with the other samples. 


other impurity present in the technical acids prevents the recrystallization 
which otherwise occurs on dehydration. 


Polymorphism of Calcium Stearate Monohydrate 


Differential heating curves for calcium stearate monohydrate between 
room temperature and 150° are given in Fig. 13. The sample was held in a 
sealed container which substantially prevented the escape of water. The 
hydrate shows absorption of heat over a range of temperature between 48° 


POLYMORPHIC TRANSFORMATIONS 355 


and 73°, and a further transformation at 123° under these conditions. 
Successive runs on the same sample yield identical results, indicating that, 
if water is expelled on heating, it is retained in the cell and recombines 
with the soap on cooling. Under these circumstances it is likely that the 
observed transformation at 123° actually pertains to the anhydrous soap. 


DIFFERENTIAL TEMPERATURE 


TIME 


Fic. 13. Differential heating curves for Ca(Str)2-H.O (in a closed container). 
Curves I and II are successive runs on the same sample. 


Heats of Transition 


The size of a peak in the curve of temperature difference vs. time is a 
measure of the magnitude of the heat of the transformation. In the past, 
one of us (R. D. V.) (18) has attempted to make quantitative estimates of 
heats of transformation by empirical comparison of the peaks with those 
obtained by melting materials of similar chemical nature and known heats 
of fusion in the same calorimeter. This procedure could be applied to the 
present data. However, another of us (M. J. V.) has been developing a 
theory of the method from which quantitative values may be obtained 
without empirical comparisons of this type. Preliminary values calculated 
for anhydrous crystalline calcium stearate by this procedure are 63°, 600 
cal./mole; 86°, 4,500 cal./mole; 123°, 11,000 cal./mole; 150°, not detect- 
able, probably less than 250 cal./mole; 195°, 500 cal./mole. 

Transformation Scheme for Calcium Stearate . 

The experimental results can be combined to yield the transformation 
scheme for calcium stearate given in Fig. 14. In this scheme the sequence 
of phases occurring as the stable anhydrous crystalline form is heated 
from room temperature to 350° appears at the left, with the transition 
temperatures and reversibility indicated. The forms are numbered con- 
ventionally with Roman numerals beginning with I just below the true 
melting point. The metastable anhydrous forms can be realized at room 
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temperature by quenching the hot soap as indicated by arrows. These are 
given the same numeral as the stable form (VI) but with primes for dis- 
tinguishing marks. The behavior of the metastable forms on heating is 
indicated by arrows. The monohydrate is placed in the right hand column, 
and the conditions under which it forms or decomposes are indicated by 
arrows. The existence of forms VI (crystal), VI’’ (pseudo-glassy) and VIH 
(monohydrate) is firmly established. Whether the slight differences in 
X-ray diffraction pattern and thermal behavior obtained for samples 
quenched from form III justify designation of the material as being in a 
different phase state at room tmeperature (VI’), and after the first 
transformation (IV’), has not been definitively determined. 


-LIQUID 
4 
ee (decomposition) 


I Q= quenching 
oe %= heat evolved 


|ncreasing Temperature 


Room 


| 
a Soir ping vapor 
Temperature 
CRYSTALLINE PSEUDO-GLASS CRYSTALLINE 
Anhydrous CaStr, CaStr,*H,0 


Fic. 14. Transformation scheme for Ca(Str)2. 


DIscussIon 


The experimental data obtained in this, investigation serve two pur- 
poses. The facts obtained are expected to prove useful in interpreting the 
behavior of systems of calcium stearate and hydrocarbon solvents. In 
addition, interpretation of the data in terms of the structural changes 
occurring at the several transitions may lead to an increased understanding 
of the mechanism of melting of this type of compound. 

It is reasonable to suppose that a gel of calcium stearate with hydro- 
carbon solvents will depénd in consistency and stability on which phase 
or mixture of phases is present, as well as on the size and manner of ag- 
gregation of the colloidal particles or crystallites. For example, a gel in- 


POLYMORPHIC TRANSFORMATIONS 357 


volving the anhydrous pseudo-glassy state (VI’’) would be expected to be 
sensitive to water, since even water vapor is effective in converting this 
form into the crystalline hydrate (VIH). On the other hand, a gel involv- 
ing the hydrate would be expected to be stable toward water at room 
temperature but unstable above 110°C., the decomposition temperature 
of the hydrate under ordinary atmospheric conditions. As another 
example, the less regular arrangement of molecules in the pseudo-glassy. 
state and its “parent phase’’ (II), stable between 150° and 195°C., would 
be expected to result in a greater tendency for the soap to swell and 
incorporate the hydrocarbon molecules within the soap lattice or within 
colloidally dispersed soap aggregates or micelles; this may account for the 
great increase in viscosity displayed by a dispersion of soap in oil when 
it is heated to about 150°C. 


Structural Changes Produced by Heating 


Calcium stearate exists at room temperature in crystals which, like 
those of the fatty acid and alkali soap crystals, display a regular Bragg 
spacing corresponding approximately to double the length of the stearate 
chain. This “long spacing” is the perpendicular separation of the basal 
planes containng the cations of the soap lattice. Using Pauling’s values 
(12) for atomic dimensions® the dimensions of the stearate ion can be 
calculated to be 4.03 A x 4.10 A x 26.14 A. In a careful study of single 
crystals of sodium stearate hemihydrate, in which the molecular axis is 
nearly perpendicular to the planes containing the terminal group, Buerger 
finds a “c” spacing of 103.96 A, or 26.0 A per sodium stearate molecule, 
in good agreement with this calculated value (4). The calcium ion, with 
a radius of 0.99 A is small enough to fit into spaces similar in size to those 
between oxygens when the hydrocarbon chains exist in a close packed 
arrangement. 

The value of 49.7 A for the long spacing of calcium stearate corre- 
sponds to an angle of inclination of the chains to the basal planes of 71°. 
This value is markedly larger than that for anhydrous sodium stearate, 
whose reported long spacing, 44.7 A (3, 11) corresponds to an angle of tilt 
of only 64°. The principal short spacing of anhydrous calcium stearate is 
4.1 A, which is the value to be expected from hexagonally close packed 
chains whose interchain distance is 4.7 A, and has been found with many 
long chain paraffin hydrocrabons (6). Sodium stearate, on the other hand, 
has two principal short spacings (3) at 4.05 and 4.68 A. It is evident that 


8 Carbon, covalent radius 0.771 A; hydrogen, covalent radius 0.66 A, van der Waals 
radius 1.29 A; oxygen, ionic radius 1.40 A; calcium, ionic radius 0.99 A. In carboxylate 
ion, O—C—O bond angle 124°, C—O distance 1.27 A. In hydrocarbon chain, C—C—C 


bond angle 111°30’. 
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the manner of packing of the hydrocarbon chains is different in the room 
temperature crystal forms of the two soaps. 

The amphipathic nature of soap molecules (v.e., containing both 
strongly polar and nonpolar portions) has led naturally to an attempt to 
correlate each observed phase transformation with a change in packing 
of the hydrocarbon or polar portions of the lattice, or both. This point of 
view was originally justified by the observation (18) that, in the homolo- 
gous series of sodium soaps from laurate to stearate, some heats of transi- 
tion varied regularly with increasing molecular weight while others were 
independent of the length of the hydrocarbon chain. If this view is correct, 
those transformations which involve primarily changes in the packing of 
the hydrocarbon chains should be analogous for sodium and calcium soaps, 
while transformations involving primarily a change in the polar portion 
of the lattice should reflect the difference in cation. 

In drawing conclusions from the X-ray diffraction data obtained on 
samples quenched from high temperatures, it is necessary to remember 
that the structure of the quenched material is not necessarily identical 
with or very similar to the structure stable at the higher temperature. A 
sample which has been heated through a number of thermal transitions 
may, on quenching, (1) pass back reversibly through all the intermediate 
forms to the structure which is thermodynamically stable at room tem- 
perature; (2) go back through one or more, but not all, of these transitions, 
the room temperature product being an undercooled form of a phase 
stable at some intermediate temperature; or (3) loose thermal energy so 
rapidly that the arrangement at room temperature is that of the phase 
stable at the temperature from which the sample was quenched. Neverthe- 
less, even though the room temperature pattern may not correspond to 
that of the high temperature phase, differences in the X-ray spacings of 
samples quenched from two different temperatures can be taken as 
evidence that a phase transition has occurred between those temperatures. 

In general those phase transitions involving a reorganization of both 
the polar and the hydrocarbon portions of the lattice would be expected to 
be least likely to undergo reversal upon quenching. Transitions involving 
changes in the manner of packing of the hydrocarbon chains of such a 
nature that no fundamental rearrangement is involved should be reversed 
on quenching, except for any disaggregation. Samples quenched from 
above such transitions would, therefore, be expected to have the pattern 
characteristic of the low temperature form except for possible changes 
corresponding to a decrease in the spatial extent of regularly ordered 
regions within the crystallite, such as decrease in intensity and increase 
in width of line. 

The fact that the calorimetric study revealed transitions at 65° and 
86° after the sample had been dried at 110° indicates that these two 


POLYMORPHIC TRANSFORMATIONS 359 


transitions must be reversed on cooling, and the absence of any X-ray 
evidence for the occurrence of these transitions indicates that this reversal 
also occurs on quenching. The transition at 65° for calcium stearate is 
probably of the second order and may be analogous to the 70° transition 
for sodium stearate (19). This change is believed to be the “genotypic” 
effect described by Thiessen and Ehrlich (14). For both soaps it is absent 
in samples which have been heated through the succeeding two trans- 
formations, and is usually absent in samples which have been heated 
through only the first of these. The heat effect of the 86° transition for 
calcium stearate is similar to that of the 89° transition of sodium stearate. 

The transformation of calcium stearate at 123° has a large heat effect, 
but there is little difference in the X-ray diffraction patterns of samples 
quenched from above and below that temperature. The lower intensity 
of the long spacing in the case of samples quenched from above this 
transition probably corresponds to a smaller average extent of crystallin- 
ity above this transition. This disaggrégation is the expected characteristic 
of a transformation in which only the hydrocarbon chains are involved. 
The magnitude of the heat effect accompanying this transition can be 
explained by assuming that the hydrocarbon chains acquire considerable 
freedom of motion at this transition temperature. Calorimetrically the 
123° transition of calcium stearate resembles in heat effect the 117° and 
132° transitions of sodium stearate. That sodium stearate has two suc- 
cessive transformations (at 117° and 132°) of similar character to the 
single transformation at 123° for calcium stearate may be associated with 
the difference observed in initial crystal form for the two soaps. 

The change in X-ray diffraction pattern observed with samples of 
calcium stearate quenched from above and below 123° resembles that 
reported for sodium stearate at 125° by de Bretteville and McBain (3), 
where the chief difference in the higher temperature form was a decrease 
in the intensity of the long spacing. (A slight increase in the value of the 
interchain short spacings of sodium stearate reported by these authors 
probably reflects expansion due to increased thermal motion in the 
sub-waxy phase.) 

The 150° transition of calcium stearate gives rise to a pronounced 
change in the X-ray pattern of the quenched samples. The single short 
spacing halo present in samples quenched from above 150° (the parent 
state of the pseudo-glassy material) corresponds very well with the 4.1 A 
separation calculated for hexagonally close-packed hydrocarbon chains. 
The heat effect accompanying this transformation is so small that it is 
not observed in our present calorimeter. A visible change also occurs at 
this temperature, the calcium stearate becoming translucent and only 
faintly anisotropic above 150°. The 167° change of sodium stearate (waxy 
to super-waxy) likewise has a very slight heat effect, and very similar 
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changes in X-ray pattern. However, the long spacing of the sodium 
stearate pattern decreases in going from 145° to 170° (3) while the calcium 
stearate spacing remains unchanged until a temperature of 225° (prior to 
quenching) is reached. 

The transition at 195° for calcium stearate resembles the 205° transi- 
tion for sodium stearate (super-waxy to sub-neat) in having a minor heat 
effect and no great change in the X-ray pattern. Again, the calcium 
stearate long spacing, unlike the sodium stearate long spacing, shows no 
decrease at this transition. Above this temperature the parallelism of the 
two soaps ceases. The decrease in the long spacing of calcium stearate, 
which is first noticeable in samples quenched from above 225°, indicates 
that another calorimetrically undetectable transition may exist. Proof for 
the existence of such a transition cannot be obtained with quenched 
samples only. Sodium stearate is known to undergo a further transition 
to neat soap at 257°C., followed by melting to isotropic liquid at 288°. 
Calcium stearate remains very viscous and does not melt below 350°. 
This dissimilarity is probably a direct result of the difference in cations 
between the two soaps. 

It is curious that the transformations at lower temperatures involve at 
once both the higher heats of transformation and the less drastic changes 
in diffraction pattern. It is possible that a complete structure determina- 
tion, based on diffraction studies of single crystals (not yet successfully 
prepared for calcium soaps) would show greater differences between the 
low temperature forms than is suggested by the powder type patterns of 
quenched samples. However, a comparison of heats of transformation 
per carbon atom at the lower temperatures (where the transformations 
are presumed to involve the chains) with heats per mole of soap at higher 
temperatures (where the transformations are presumed to involve the 
polar heads) brings the heat effects into correspondence qualitatively 
with the apparent extent of the corresponding structural rearrangements. 
Thus, at 86° and 123° the heats of transformation per carbon atom are 
125 and 305 calories, respectively, while the heat per mole of calcium 
stearate at 195° is 500 calories per mole. 


SUMMARY 


Anhydrous calcium stearate undergoes transformations at 65°, 86°, 
123°, 150°, and 195°C. It melts with decomposition at 350°C. The sub- 
stance can be obtained at room temperature either as a stable crystal, an 
unstable crystal (by quenching from between 123° and 150°), or a vitreous 
form (by quenching from above 150°). Differential heating and cooling 


curves and X-ray diffraction patterns of quenched samples at room 
temperature are presented. 
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The set of transformations is partially analogous to that for sodium 


stearate, the resemblance being greater at low temperatures and less 
marked at high temperatures where, with the hydrocarbon chains ir- 
regularly packed and relatively mobile, the difference in binding power 
between sodium and calcium ions becomes important. 


Calcium stearate forms a monohydrate whose decomposition tempera- 


ture at atmospheric pressure is about 110°C. 


Calcium stearates of technical quality resemble the pure material but 


tend to assume the vitreous form more readily and to crystallize com- 
pletely only with difficulty. 


oR we 
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REDUCTIONS WITH COLLOIDAL RHODIUM IN 
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I. InrTRoDUCTION 


The present trend to explain a number of reactions on the basis of 
electron transfer has, no doubt, thrown light on the mechanism of some 
reactions otherwise difficult to understand. Various types of reactions, 
especially in organic chemistry, have been extensively studied; to cite 
but a few instances: the wide field of acid-base catalysis by Brgnsted 
et al. (1), the hydrolysis of methyl bromide (2), and the catalytic autoxida- 
tion of benzaldehyde in the presence of the ferrous ion (3). 

However, not too much is known in this respect (4) regarding cata- 
lytic hydrogenation of organic substances with noble metals, a fact which 
is even more true in the case of catalysis in the liquid phase. In particular, 
the literature available with regard to the catalytic action of Rh is very 
scarce. Perhaps this is due to its high cost and to the traditional belief 
that Rh possesses but slight catalytic activity when compared with 
other metals in its group (5). 

However, recent reports on metal films (6) disclosed that Rh in the 
proper physical state can be far more active than the other metals. 

It has been known that the particle size of the catalyst is of the utmost 
importance for its catalytic activity (7). Colloidal size has proven excel- 
lent for maximum performance, and various supporting colloids have 
been employed for this purpose. Synthetic high polymers have been used 
recently (8) in the preparation of highly active and stable colloidal Pd 
and Pt catalysts, with practical application to a number of organic sub- 
strates (9a). These encouraging results led to investigation of a colloidal 
rhodium catalyst. Remarkable discrepancies between the behavior of Pd 
and Rh were noticed immediately (10), suggesting a fundamental differ- 
ence in the mechanism of catalytic hydrogenation by the two metals. 

To ascertain these findings, a rhodium-polyvinyl alcohol (Rh-PVA) 

1 Communication No. 162. This study was carried out with the aid of a grant from 


the Office of Naval Research. 
The assistance of Baker and Co., Inc., Newark 5, N. J., is also acknowledged. 
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catalyst was prepared as in the method adopted previously for Pd-PVA 
(8). Under identical experimental conditions, several series of compounds, 
involving the nitro group and the double bond, were hydrogenated sepa- 
rately with Rh-PVA and Pd-PVA. The most salient differences consist 
in the fact that the rate of hydrogenation with Rh is greatly influenced 
by changes in pH and by the presence of adjacent functional groups in 
the substrate molecule, whereas hydrogenation with Pd is affected but 
little, or not at all, by the factors mentioned. The experimental results 
furnished a basis for an electronic interpretation that seems to explain 
the reduction with Rh of the compounds studied through the formation 
of an intermediate complex involving “ionized” hydrogen. 


IJ. ExPERIMENTAL 
Preparation of the Rh-PVA Catalyst 


A 2% aqueous solution of polyvinyl alcohol is prepared by dissolving 
2 g. of polyvinyl alcohol of medium viscosity (DuPont Type B) in 100 ml. 
water. A solution is promptly formed on warming gently and shaking 
vigorously. To this colloidal dispersion, 5 ml. of an aqueous solution of 
RhCl;3.3H,O containing 10 mg. Rh/cc. are added. Then, with shaking, 
enough NaOH is added drop by drop until the turbidity first formed 
disappears. This transforms the chloride to the hydroxide, an indispens- 
able prerequisite for subsequent reduction to metallic rhodium. The clear 
yellow solution is then heated on the water bath for 15 mins., the color 
changing to a dark brown. After this, the solution is allowed to cool and 
reduced by shaking for 15 mins. with commercial hydrogen at room 
temperature and atmospheric pressure. The resulting black liquid is care- 
fully neutralized with acetic acid and stored for use; 20 ml. of this solution 
contain 10 mg. of Rh metal. The colloidal dispersion thus prepared is 
very stable and will retain its catalytic activity for months. 


Hydrogenation of Organic Substrates 


A given amount of the substance—calculated to take up 500-700 ce. 
of hydrogen—is dissolved in ethyl alcohol, its concentration and volume 
depending upon the solubility of the substrate under investigation. The 
propylene derivatives—such as allyl alcohol, allylamine, etc_—were dis- 
solved in 50 cc. of 50% ethanol, while some of the substituted nitro- 
benzenes required 100 cc. of 75% alcohol for solution. As a rule, the 
amount and concentration of the solvent does not influence the rate of 
hydrogenation, provided it is kept within certain limits, since a very 
small amount will not favor effective shaking, and too large a quantity 
causes extreme dilution. Fifty to one hundred cc. were found best. To 
insure identical experimental conditions, all the compounds belonging to 
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the same series were dissolved in the same amount.of solvent. The desired 
amount of catalyst—generally 20 ce. of Rh-PVA, equivalent to 10 mg. 
Rh—was then added to the ethanol substrate solution and the mixture 
placed in a shaking vessel. The apparatus (11) consists of a 1000'cc. 
burette connected with a shaking vessel—shaking at a speed of 258 
strokes/min. Commercial hydrogen is supplied from the burette, water 
replacing the gas consumed; by equalizing the external and internal 
pressures with a leveling bulb, the volume of hydrogen utilized can be 
measured at any interval of time. All hydrogenations were invariably 
conducted at atmospheric pressure and room temperature (21-23° C.). 


III. Discussion anp REsuLtTSs 


The simplest mechanism of hydrogenation is expected to be that. of 
the C—C double bond. As this structure has the further advantage of 
being readily reduced, we chose it as the first group for our theoretical 
study. Compounds possessing various functional groups, such as NH, 
OC2H;, COOH, were hydrogenated in order to study the influence of 
the said groups on the velocity of hydrogenation of the adjacent double 
bond. The experimental results are recorded in Fig. 1, where the volume 
of hydrogen taken up is plotted against time, k being given by the slope. 

In all cases, the rate of reaction was proportional to the amount of 
catalyst used and of zero order with respect to substrate, within the 
usual limits. These statements were confirmed by systematic kinetic 
studies in which the amounts of catalyst and substrate were gradually 
and independently increased. These results are recorded in Figs. 2 and 3. 

An attempt was made to correlate the k values for the hydrogenation 
of the propylene derivatives with Rh with some property of the adjacent 
functional groups. Although the electrolytic dissociation of the allyl 
derivatives is not recorded in the literature, we thought it justifiable to 
compare k with the dissociation constants of the analogous ethyl series. 
This justification is based on the fact that the diversity of values of the 
dissociation of the ethyl compounds—ethanol, ethylamine, acetic acid, 
etc.—is exclusively due to the functional group, since the remainder of 
the molecule is identical in all cases. If we have a series of compounds 
such as CH,.=—CH—CH.OH, CH.—CH—CH,2NH2, CH.x=CH—COOH, 
etc., the variations in dissociation will also be due solely to the functional 
group, and they must be in the same sequence and approximate relation- 
ship as those of CH;—CH,OH, CH3sCH:NHe, CH;COOH, etc. In Table I 
the observed k values are recorded in decreasing order. A comparable 
gradation is noticed in the dissociation constants of the ethyl derivatives: 

Acrolein shows a large deviation, but the low rate can be explained 
by the stabilizing conjugated system H,C—CH HC=0O, which renders 
the hydrogenation of both C—C and C=O more difficult. 
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fe) 


5 
TIME, min. 


Fic. 1. Hydrogenation of propylene derivatives with Rh-PVA. 1, Allylamine; 
2, Acrylic acid; 3, Acrylonitrile; 4, Allyl alcohol; 5, Allyl acetate; 6, Allyl ethyl ether; 
7, Acrolein. 


TABLE I 
Diss. constant 
Substrate ‘105k mol. sec.-! of ethyl analogue? 

Allylamine 3.12 4.6 X 1074 
Acrylic acid 2.63 13 ex 10m 
Acrylonitrile 2.12 OF etme 
Allyl alcohol 2.08 1.35 X 10° 
Allyl acetate 1.94 L) exes? 
Allyl ethyl ether 0.97 AS Xe LOLs 
Acrolein 0.28 5.5 X 107% 


2 These values‘are taken from International Critical Tables. 


It is observed that, in general, the greater the dissociation of the 
functional group the higher the rate of hydrogenation. 
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Two other significant series of organic compounds were hydrogenated 
to understand better the factors influencing reduction with Rh. These 


compounds were nitrobenzenes with various substituents in the p- and 
m-positions. 


-d 
d 


10 20 
CONCENTRATION OF Rh, mg. 


Fie. 2. Rate of reduction of 1 cc. nitrobenzene with increasing amounts of Rh. 
Ordinate units are arbitrary. 


I v2 3 4 be) 
CONCENTRATION OF SUBSTRATE, g. 


Fig. 3. Rate of reduction of varying amounts of nitrobenzene with 10 mg. Rh as 
Rh-PVA. Ordinate units are arbitrary. 


Equimolecular amounts of substituted nitrobenzenes (equivalent to 
1.19 g. CeHsNOz) were reduced to the corresponding aniline with 10 mg. 
of Rh (as Rh-PVA) and 10 mg. of Pd (as Pd-PVA). The results for the 
p- and m-substituted compounds are represented in Figs. 4 and 5, respec- 
tively: 
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400 


300 


H2,Ccc. 


200 


10 


5 
TIME, min. 


Fig. 4. Reduction of p-substituted nitrobenzene with Rh-PVA and Pd-PVA. Pd 
curves are indicated by dotted lines. 1, p-CN; 2, p-CHO; 3, p-NO:; 4, p-COOH; 5, p-I; 
6, p-Cl; 7, p-Br; 8, nitrobenzene; 9, p-OCHs; 10, p-NH2. 


The divergence between Rh and Pd is most remarkable. While the 
rate of reduction with Pd-PVA was not affected by any of the p-substit- 
uents (except for a small deviation in the cases of p-CN and p-CHO— 
both reducible themselves) the activity of Rh-PVA was highly influenced. 
With the m-substituents, palladium showed only slight variations. 

Two factors could be considered responsible for the difference in rate 
of hydrogenation of the p-substituted nitrobenzenes in the case of Rh: 
(1) the polarity of the substituent, (2) its ability to effect electron shift- 
ings. Of these two factors, the first cannot be the determining one, since 
groups with such different dipoles as p-NO2 (u = — 3.93) and p-COOH 
(u = — 0.8) affected the rate to almost the same extent. 
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400 


300 


He, cc. 


200 


100 


10 


5 
TIME, min. 


Fic. 5. Reduction of m-substituted nitrobenzene with Rh-PVA. 1, m-Cl and m-Br; 
2, m-CHO; 3, nitrobenzene; 4, m-OH; 5, m-OCH:;; 6, m-COOH; 7, m-NH2. 


The second factor mentioned, 7.e., the electron-shifting capacity of 
the substituent, seems to be the decisive factor. There is a linear relation- 
ship between the log of the rate of the reaction of substituted aromatic 
compounds and a value o characteristic for each substituent (¢ = sub- 
stituent constant). This value is chiefly dependent upon the electron- 
shifting ability of the substituent. The following equation correlates 
these values: 

log k — log k® = po, 


where k is the velocity constant of reaction for substituted compound, 
k° is the velocity constant of reaction for the unsubstituted compound, 
and p is a reaction constant, characteristic for each type of reaction. 
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If these o values of the group under consideration are compared with 
k. a close relationship is noticed. In Table II are recorded the o and k 
Plies Fig. 6 further shows the linear relationship between log k and o. 


TABLE II 
Compound k X 108 ot 
p-NO.CsHiCN V0 1.000 
p-NO.CsH.CHO 10.8 1.126 
p-di NO.CsH, 10.4 0.778 
p-NO.CsH,COOH 10.1 0.728 
p-ICsH.NO» 9.25 0.276 
p-ClCseHiNO2 | 9.02 0.218 
p-BrC;HsNO2 8.79 0.232 
Nitrobenzene 8.33 0.000 
p-OCH;CsHiNO2 6.25 — 0.262 
p-NH.CsH.NO» 1.85 —0.660 


® g values are taken from the compilation made by L. P. Hammett, Physical Organic 
Chemistry, p. 188..McGraw-Hill, New York,. 1940. 


-0.5 ce) +05 +1.0 


Fig. 6. Relationship between the log of rate of reduction of p-substituted nitro- 
benzenes and the substituent constant o. 


The discrepancies shown by the p-NH: and p-OCH; groups are ex- 
plained if it is assumed that hydrogenation with Rh is affected more by 
polar fields than most other types of reactions for which the values of ¢ 
were calculated. Since, in the NH group (with a high positive dipole), the 
inductive effect is in the same direction as the mesomeric effect, and, on 
the other hand, p for hydrogenation with R. his positive, the value of k 
must be abnormally low. 

This interference of forces is eliminated in the m-substituted com- 
pounds, since, in these, the mesomeric effect is practically negligible. 

The results are represented in Kig..o: 


Here, the most favorable influence is exerted by the halogens, because 
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their great inductive polar force on the adjacent carbon atom is not 
counteracted by their heavy electronic density which renders them 
electron-repelling when in p- or o-position. Likewise, the amino group 
does not retard the reduction of the NO, group as much because only the 
inductive effect is of significance. How these forces retard or favor reduc- 
tion of the NO; group will be explained in subsequent paragraphs. 

In view of all these experimental results, we assume that hydrogena- 
tion with Rh involves ionization of hydrogen. The Rh atom has one 
electron in the outermost orbit, enabling hydrogen to form the unstable 
hydride Rh: H; this is confirmed by the fact that 100% of the hydrogen 
adsorbed by Rh is chemically bound (12). The C—C bond, especially 
under the influence of polar fields, tends to assume the following elec- 
tronic configuration: 


—-C:C- 
+ —_— 
which attaches itself to the hydride because of the strong nucleophilic 


tendency of the C~. Thus, the formation of an unstable intermediate 
complex can be conceived: 


Rh Rh 
—-C : C- 
+ = 


Another hydride molecule supplies the H , but the attack seems to be 
originated by the H*. 
This also applies to the mere SEOUDS but in this case oxygen is the 


negative member of the dipole C: O:. oy is stable and less nucleophilic 


than C , and, since the attack must start on this side (the negative side), 
a very slow reaction is to be expected. This concept agrees perfectly with 
the difficult reduction of CsH;CHO with Rh-PVA (see Table III). 
The reduction of —C=N to —CH,NH: is more complex, since two 
steps are involved: 
—C=N + —CH=NH > —CH,NH; 


The observations regarding the polarization of the C=C are still truer 
in the case of the triple bond —C=N, and, as expected, Rh is a fair 
catalyst for the first step. But the second step involves disadvantages 
similar to those mentioned for the —C=O, although to a lesser degree, 
as nitrogen is less electronegative than oxygen. Palladium, however, 
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TABLE III 
Rate of Hydrogenation of Various Groups with Rh and Pd 


Substrate Amount k Rh k Pd pi 
g 
j 1.2 1.88 * 1075 1.62 X 10% 
oes 3.4 Lito <al0e 4.60 X 10° 
Benzaldehyde 3.1 1.18 x 10- 5.90 X 10 
Benzonitrile 1.6 9.72 * 1077 No reduction 


ee ge SS ee ee eS 


which does not seem to act through an ionic mechanism, catalyzes this 
second step well, as confirmed experimentally by hydrogenation of the 
aldimine prepared by Steven’s method. Hence, a mixture of Rh and Pd 
should be ideal for complete reduction of the nitrile to the amine. This 
was confirmed experimentally. : 

Reduction of the NO: group takes place in several steps: NO2 — 


NO 4, NHOH ae NH. Step (1) is essentially an electrophilic attack on 
oxygen: 


O 
_N 
ENS 
OH-7 SO )ed 8 Be 


| 


The semipolar N+ — O- bond is necessarily weakened by the presence 
of OH_, thus accounting for the rate increase in alkaline medium as shown 
in Fig. 7. 

In contrast to this behavior, the hydrogenation of the double bond is 
favored by acid medium (see Fig. 8) since the concentration of the Ht, 
necessary to start the attack, is thus increased. Step (2) in the reduction 
of the NO; group is similar to the reduction of the C=O, and consequently 
is expected to proceed slowly with Rh. Such is the case. The rate of the 
reaction NO — [NHOH ] —> NH; is about 3 times slower with Rh-PVA 
than with Pd-PVA, despite the fact that, for the reaction NHOH — NHp, 
Rh was found to be 3 times more active than Pd. Step (3) may start with 
an electrophilic attack on nitrogen: 


Ht 


Rh 
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This‘agrees with the increased rate of this reaction when catalyzed by Rh. 

Also in support of this hypothesis are the results of the hydrogenation 
of substituted nitrobenzenes. It was seen that the electron-attracting 
groups (such as NO, CHO, COOH) facilitated the reduction of the NO, 
group when in p-position. The electron-repelling groups (NH», OCH;) 
produced the opposite effect. 


Pd 


a, 


300 
3|5 200 
100 
Rh 
2 4 6 8 10 
pH 


Fig. 7. Rate of reduction of nitrobenzene with Rh-PVA and Pd-PVA at different 
pH’s. Ordinate units are arbitrary. 


Probably the 2nd step (the rate-determining step) (9b) NO = NHOH 
is the one affected by the p-substituent. Since hydrogenation with Rh 


requires the structure 
a — 


NO: 


a heavy electron density near the nitrogen atom should be prejudicia 
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as in the case of p-aminonitrobenzene 


+ 


‘one 
Miner 


2 


| 
: NH. 


whereas a low density should increase the polarization of the NO group. 
In the case of the m-substituents, only the inductive effect is signifi- 


Te, a 
cant. Thus, chlorine tends to induce a strong dipole C—Cl pulling 


Rh 
Pd 
2) 
ve 


2 4 6 8 10 
pH 


Fig. 8. Rate of hydrogenation of 2 i I 
-pentene with Rh-PVA and Pd- 
pH’s. Ordinate units are arbitrary. cal Seale aa 
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electrons toward the carbon atom and consequently intensifying the di- 
pole of the nitroso group. 

Since the facts supporting the ‘ionization’ theory are absent in hydro- 
genation with palladium, it might be possible to conclude that the latter 
is not accomplished by means of an ionic mechanism. Rather, the avail- 
able evidence would point to a mechanism in which Pd converts molecular 
hydrogen to the atomic form. 


IV. SUMMARY 


1. A method is given for the preparation of a stable, highly active 
rhodium-polyvinyl] alcohol catalyst. 

2. The application of this catalyst to the hydrogenation of organic 
substrates containing the carbon-carbon double psy or the nitro, car- 
bonyl, and nitrile groups, is described. 

3. Rhodium and palladium are compared with regard to their be- 
havior in the hydrogenation of the above-mentioned substrates and their 
sensitivity to changes in pH. 

4. A systematic kinetic study is instituted on the reduction of a 
series of propylene derivatives and of p- and m-substituted nitrobenzenes. 

5. The experimental results are interpreted electronically and the 
hypothesis is proposed that rhodium acts through the formation of an 
intermediate complex involving “‘ionic’”’ hydrogen. 
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THE INFLUENCE OF SULFUR ON CATALYTIC 
DEHYDROGENATIONS WITH RHODIUM 


L. Hernandez and F. F. Nord 


From the Department of Organic Chemistry,! Fordham University, New York 58, N.Y. 
Received May 25, 1948 


INTRODUCTION 


According to the current concept of catalysis, whereby a catalyst 
should promote reverse as well as direct reaction, we thought it appro- 
priate to undertake a kinetic study of catalytic dehydrogenation with Rh 
dispersed in polyvinyl alcohol in order to better understand the concepts 
reported (1) on the mechanism of catalytic hydrogenation with Rh in a 
microheterogeneous system. 

Rhodium black has been utilized in the catalytic decomposition of 
formic acid (2) at the temperature of boiling water, and similar experi- 
ments have been carried out with the help of other noble metal cata- 
lysts (3). 

Under more drastic conditions, 7.e., at higher temperatures ranging 
from 200° to 800°C. in the gas phase, it has been possible to dehydro- 
genate n-propyl] and isopropyl] alcohol, for instance, with Re and Cu (4), 
and alloys of the platinum metals. 

Insofar as the dehydrogenation of formic acid: (HCOOH—CO,+ He) 
with rhodium is concerned, it has been reported (2) that the catalytic 
activity of this metal is negligible unless it is ‘activated’ with oxygen, or, 
still better, with sulfur. We have verified this latter statement in the case 
of the Rh-PVA catalyst also, and by means of a quantitative systematic 
study we have tried to approach the problem of the mechanism of de- 
hydrogenation and, in particular, the puzzling beneficial influence of 
sulfur. 

Moreover, due to the fine state of subdivision of our colloidal Rh 
catalyst we succeeded in dehydrogenating isopropyl alcohol under the 
much milder conditions of the water bath. The rate of dehydrogenation 
is, however, so slow that quantitative measurements were not feasible, 
but the nitroprusside test for acetone -(5) was given after 5 or 10 mins. 
This decomposition did not take place in the absence of sulfur, nor when 
catalyzed by palladium with or without sulfur. 

1 Communication No. 163. This study was carried out with the aid of a grant from 


the Office of Naval Research. 
The assistance of Baker and Co., Inc., Newark 5, N. J., is also acknowledged. 
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For a quantitative kinetic study formic acid was invariably used as 
the substrate. 

A given amount of the Rh-PVA catalyst, prepared according to the 
description given in detail elsewhere (1), is brought to constant tempera- 
ture in the thermostat at 95°C. Formic acid is added from a small separa- 
tory funnel and the volume of gas evolved is read in a burette from which 
saturated KCl solution is being displaced into a leveling bulb. 

For comparative purposes, experiments were always conducted sepa- 
rately with Rh-PVA and Pd-PVA prepared according to previous in- 
structions (6). Sulfur was introduced in the elementary form dissolved 
in ethyl alcohol in which it is soluble to the extent of 0.50-0.66 g. /\. at 
25°C. 

The rate of decomposition of formic acid increased with increasing 
amounts of sulfur up to a maximum attained when the amount of sulfur 
was 5 mg. Five mg. of Rh in 10 cc. of 2% PVA were invariably employed. 
In accordance with the difference in the behavior of Rh and Pd reported 
earlier (1), it was also found here that the decomposition of formic acid 
by Pd, far from being favored by sulfur, is thoroughly inhibited by its 
presence. 

Il. ExPERIMENTAL 


Dehydrogenation of Isopropyl Alcohol 


To 10 cc. of an alkaline aqueous solution of 2% polyvinyl alcohol, 
0.5 ec. of a solution of RhCl;.8H.O containing 10 mg. Rh metal/ce. is 
added. Two cc. of a saturated aqueous HS solution are then added and 
the mixture placed on the water bath for 10 mins., when the dispersion 
becomes brown. One cc. of isopropyl alcohol is then added, the whole 
mixture heated at 95°C., and the vapors collected in a test tube. After 
about 10 mins., the Na nitroprusside test for acetone is positive on the 
liquid condensate. 

Decomposition of Formic Acid 


The Rh-PVA was prepared as mentioned previously. For the intro- 
duction of sulfur, 500 mg. of elementary sulfur are dissolved in 1 1. of 
95% ethanol. Ten ml. of this solution will contain 5 mg. sulfur. Ten ml. 
of Rh-PVA containing 5 mg. metallic Rh are placed in each of 7 small 
flasks with a ground glass neck. 0, 1, 2, 4, 5, 10, and 15 ml. of the alcoholic 
sulfur solution are added to each flask and then pure alcohol to equalize 
the volumes in the 7 flasks. These are then placed on the water bath for 
15 minutes and allowed to cool. Each flask is then closed with a ground 
glass device provided with a small separatory funnel and an outlet tube. 
The latter is connected with a small oblique condenser so that the 
ethanol vapors may return to the flask. The other end of the condenser 
is attached to the upper end of a burette, the lower tip of which is con- 
nected to a glass bulb by rubber tubing. Both burette and bulb are filled 


CATALYTIC DEHYDROGENATION 379 


with a saturated solution of KCl. The flask is placed on the thermostat 
at 95°C. and the liquid begins to fall in the burette due to the pressure 
exerted inside the flask. By opening the stopcock in the separatory 
funnel the liquid will rise again to the zero mark of the burette. When the 
inside temperature is constant, so that no more air is displaced, 1 ml. of 
formic acid is poured into the flask from the separatory funnel. The 
volume of gas evolved is measured from time to time after lowering the 
bulb so that the liquid in this and in the burette are at the same level. 


III. Discussion 


The experimental results of the decomposition of formic acid by Rh- 
PVA at 95°C. in the absence and in the presence of increasing amounts 
of sulfur are represented in Fig. I. 


CO2 + Ho, cc./min. 


5 10 
SULFUR, mg. 
Fic. 1. Relationship between the rate of dehydrogenation of formic acid with 
Rh-PVA and the amount of sulfur. 


As shown in the graph, the rate of decomposition increases with the 
quantity of sulfur present. But the sudden bend of the curve at a maxi- 
mum suggests.that there is a stoichiometric relationship between rhodium 
and sulfur. Since this maximum occurs for 5 mg. Rh and 5 mg. 5, the 
approximate value of this ratio should be Rh/S = 1/3 corresponding to 
the formula Rh(SH); or Rh2S;.3H2S which had the brown color described 
in the literature (7). This interpretation is supported by the observations 
of Maxted and Marsden (8), who found that the toxicity of HS, HP, 
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H,As, H;Sb, and H;Bi is proportional to their equivalents and inde- 
pendent of the atomic radii or other properties. dsp 

The concept of the formation of a true chemical combination between 
Rh and § is confirmed by a study of the toxicity of. sulfur in the catalytic 
hydrogenation of maleic acid. A quantitative investigation showed that 
there is also a relationship between the rate of reaction and the amount 


of sulfur (Fig. 2). 


-ds 


5 10 15 20 
TIME, min. 


Fic. 2. Hydrogenation of maleic acid with Rh-PVA in the presence of elementary 
sulfur. 1, no sulfur; 2, 0.250 mg. sulfur; 3, 0.500 mg. sulfur; 4, 0.750 mg. sulfur; 5, 1.000 
mg. sulfur. 10 mg. Rh used in all cases. The units in the ordinates are arbitrary. 


The amount of sulfur required to completely inhibit the reaction has 
the ratio Rh/S = 8/38, but it is striking that, after a lapse of time, the 
catalyst recovers part of its activity as shown by the curves. In the 
compound Rh,§S;, the S atoms have two free electron pairs. It is conceiv- 
able, then, that Rh atoms are attached to them according to the following 
scheme: 


Rh Rh Rh 


giving the 8:3 ratio. 
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The secondary Rh... .S linkages (represented by dotted lines) would 
be easily broken in the presence of hydrogen, thus accounting for the rise 
in rate after a period of time. This interpretation through secondary 
valences is possible since it was proven (9) that sulfur compounds are 
toxic as long as there are unshared pairs in the sulfur atom (elementary 
sulfur, sulfides, and sulfites, but not sulfates). 

All the above considerations prompt us to assign a 2-fold role to 
sulfur: (1) Sulfur acts as a hydrogen acceptor; thus, the catalytic decom- 
position of HCOOH by S-Rh-PVA resembles the enzymatic dehydro- 
genation of isopropyl alcohol when conducted in the presence of sulfur 
(10). 

We postulate the following sequence of reactions: 


(a) 2RH + 38 — Rh.S; 
(b) RhoS; + 38 + 3HCOOH — 2Rh(SH), + CO, 


where Rh(SH);3 or Rh.§;.3H.S is the unstable intermediate complex. 


(c) Rh(SH); > RhS; + 38 + H; 


Rh.S; and S are regenerated for further action on HCOOH. Since some 
HS is evolved during the reaction, some Rh(SH);3 might decompose thus: 


(d) Rh(SH); > 4Rh,S; + 13H,8. 


When all the sulfur is consumed as H,S, the rate of decomposition of 
HCOOH falls to the low values obtained with Rh-PVA alone. 

(2) Since Rh alone, without sulfur, catalyzes the decomposition of 
formic acid, although slowly, it is necessary to assume that at least some 
hydrogen is removed from HCOOH by direct attachment to the Rh 
surface. The electronic interpretation (1) of catalytic hydrogenation 
through an intermediate complex involving ionic hydrogen agrees with 
the formation of the following complex: 


S—Rh: H—Substrate. 


The density of negative charges afforded by sulfur to the Rh atom 
strengthens the Rh:H bond and consequently weakens the H-substrate 
linkage, thus facilitating dehydrogenation. In the light of this inter- 
pretation, the poisonous character of sulfur in catalytic hydrogenation is 
clearly understood, since, in the latter case, weakening of the Rh: H and 
strengthening of the H-substrate bond is required. 


IV. SUMMARY 


1. Rhodium dispersed in polyvinyl alcohol has the ability to dehydro- 
genate isopropyl alcohol and formic acid at moderately high temperature. 
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2. Elementary sulfur increases the dehydrogenating efficiency of Rh 


but not that of palladium. 

3. A true chemical binding is postulated between rhodium and sulfur, 
forming a compound with the formula Rh.S3.3H2S or Rh(SH)s. 

4. The favorable influence of sulfur on catalytic dehydrogenation 
with Rh-PVA is contrasted with its poisonous effect on catalytic hydro- 


genation. 
5. Two roles are assigned to sulfur, the first being that of a hydrogen 


acceptor, and the second consisting in the strengthening of the Rh:H 


linkage. 
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I. InTRODUCTION 


X-ray diffraction bands of aqueous soap solutions of concentrations 
varying between 5% and 25% have been measured by a number of 
authors (see (1) for references). They considered that the large dimensions 
(40-100 A) given by the diffraction bands were those between the polar 
groups of layers of orientated soap molecules. These layers were close 
packed owing to the high concentration of orientated micelles consisting 
of approximately 80-180 vertically orientated soap molecules in the form 
of bimolecular leaflets with the polar groups pointing towards the water. 
The smaller X-ray spacings of ca. 4.5 A were considered to relate to the 
distance between the neighboring molecules in the monolayers. 

It was thought significant by Schulman and McRoberts (1) that these 
systems could absorb only a small quantity of a nonpolar oil with a con- 
sequent small increase of the large X-ray dimensions and sharpening of 
the X-ray band, -whereas by the addition of a polar oil (e.g., long chain 
alcohol), together with a nonpolar oil, to the aqueous soap solutions, the 
oil/water ratio could be varied within very wide limits and still give 
equilibrium conditions. These transparent oil/water disperse systems of 
comparatively low viscosity could be either nonconducting or conducting, 
depending on whether oil or water was the disperse phase. This was shown 
to be related to the constitution of the interfacial mixed monolayer and 
its wettability to either oil or water. 

These facts suggested that the systems were obtained by the com- 
bined action of the polar and nonpolar oils. The swollen lamellar structure 
of the soap micelle is broken down by the penetration of the monolayer of 
soap molecules, by the polar oil and by the swelling of the bimolecular 
leaflets by the absorption of the nonpolar oil between the layers of the 
methyl groups. This results in a liquid or disordered system instead of an 
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ordered system such as a swollen crystallite, thus enabling droplets of 
spherical shape to.be formed, consisting of water dispersed in oil if non- 
conducting, or oil dispersed in water if conducting. These systems were 
then considered to consist of uniform spheres, in closest packing or nearly 
so, each droplet being covered by a mixed monolayer of the polar oil 
molecule and the soap molecule. 

If this concept is correct, low-angle X-ray diffraction bands should be 
given by such systems, and their spacings should be related to the mean 
distance between the centers of neighboring spheres. Knowing the ratio 
of the oil and water phases, the electrical conductivity of the system, and 
the interfacial area of the mixed monolayer, calculations can be made 
regarding the diameters of these spheres, the distance between them, and 


CRYSTAL WATER SWOLLEN 
CRYSTALLITE 


OIL AND WATER SWOLLEN 
WATER SWOLLEN 
MIXED CRYSTALLIT 
LAMELLAR MICELLE STALLITE LAMELLAR MICELLE 


HYDROPHILIC 
OLEOMICELLE 


Fic. 1. Drawings illustrating formation of various types of micelle. 
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the nature of their packing from the geometry of the system. The work 
reported here uses the low-angle X-ray scattering technique as a means of 
testing the above concepts. 


II. StructuraL HyroruEseEs 


In Fig. 1 are portrayed the various possible forms of associations of 
soap molecules in combination with nonpolar oil, polar oil and water, 
compatible with the physicochemical and X-ray evidence. 

The double molecular unit of potassium oleate is 48.5 A long; con- 
sequently the molecules are arranged in the crystal in an inclined fashion. 
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Fig. 2. Corrected X-ray spacings in A plotted against volume of 
oleic acid to show general trend of results. 


The vertical spacing of the double layer in the crystal lattice is known 
from X-ray photographs to be 38 A (2), although evidence for various 
other forms has been given which suggests different angles for the tilt 
(40.8, 41.9, 44.5 A) (2,3). Further, the lattice may be swollen with the 
water of crystallization contained in various solid soap phases (soap 
curds or neat soap, etc.). These latter systems dissolve or become trans- 
parent in water at a well defined temperature (Krafft point). It is pre- 
sumed that the molecules in this system are vertically orientated, since 
the dimensions obtained are always greater than that of the double 
molecular unit. It is also considered that they are free to rotate about 
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their long axis, since the side spacing has increased from 4.2 A in the 
crystal, to 4.5 A in the lamellar micelle, corresponding to columnar 
hexagonal packing. 

The long spacing obtained by the highest concentration of potassium 
oleate in water, in this work 38%, was 54 A, and it is known from the 
results of other workers that this dimension can expand on dilution, in 
the case of sodium oleate, to values as great as 90 A. Evidence for the 
existence of a dimension due to an unchanging vertically orientated bi- 
molecular leaflet during this dilution, has been given by Harkins (4). 
The fact that these lamellar micelle units are not liquid in all directions 
is shown by the manner in which they swell only within certain limits 
with nonpolar oils, and by the observation that this swelling increases on 
raising the temperature above 50°C. (5). These systems become saturated 
with nonpolar oil, giving an increase in the long spacing with no change 
in the side spacing, at a concentration equal to 50% by weight of the 
soap. Thus, a 16% soap solution will take up a maximum of 7% nonpolar 
oil. It has been shown in the present work that, if a polar oil, such as 
amyl alcohol or p-methylcyclohexanol, be added to the lamellar micelle 
unit giving a long spacing of 54 A, the unit is shrunk, possibly by ejection 
of water between the polar ends of the leaflet, to an inclined mixed crystal- 
lite giving a long spacing of 42 A. It is significant that the addition of the 
polar oil shrinks the main lattice dimension by ejection of the water. The 
reverse is observed by the addition of a nonpolar oil. The main lattice 
dimension in this case increases by approximately 2.5 times the actual 
increase to be expected from the volume of oil divided by the area of the 
interfacial monolayer (6). This has been previously thought to be due to 
a change in tilt of the molecules in the laminar lattice. This is difficult to 
imagine as they are considered to be vertically aligned under these condi- 
tions. These systems are still transparent greases rather similar to swollen 
concentrated soap micelle systems with water alone. 

There is considerable evidence from the monolayer penetration work 
of Schulman and collaborators (see 7) on the Langmuir trough, and re- 
cently from the X-ray work of Harkins and his colleagues (8), that the 
polar oils will penetrate into the monolayer forming the leaflets to form 
equimolecular mixed films, and do not penetrate between the mono- 
layers, as with the nonpolar oils. 

It has been shown by Schulman and McRoberts (1) that the combina- 
tion of the polar oil and the soap solution enables the nonpolar oil to be 
absorbed within very wide limits to give nonconducting or conducting 
systems, which are in equilibrium and transparent. This suggested that 
in the nonconducting system the water swells the lamellar leaflet, which 
now being liquid in all directions and being more wettable by oil than by 
water, can enclose the water in the form of a sphere with the nonpolar 
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portions of the mixed monolayer (see Fig. 1) orientated toward the non- 
polar oil. This is now the continuous phase between the water droplets 
(spheres) surrounded by the mixed monolayer. Likewise, in the conduct- 
ing systems, the nonpolar oil swells the mixed monolayer which is more 
wettable by water than by oil, to enclose the nonpolar oil, leaving the 
molecules in the monolayer to orientate their polar groups on the surface 
of the oil droplet toward the continuous water phase (Fig. 1). The oil 
droplets, since they can be of molecular dimensions, have been named 
hydrophilic oleomicelles, and the water droplets, oleophilic hydromi- 
celles. A similar mechanism could give rise to the formation of cylindri- 
cally shaped micelles of both types. It is significant that the soap-water 
and soap-water-alcohol solutions are strongly streaming-birefringent and 
viscous, whereas the transparent systems containing the soap-water- 
alcohol-oil are thin fluids of low viscosity and show no signs of streaming- 
birefringence when strongly agitated or flowed between glass slides. This 
suggests that, where cylinders exist, they must be of very short length. 


III. PuysicocHEMicaL PREPARATION 


Transparent oil/water systems with varying concentrations of soap 
and alcohol, but with constant and equal amounts of oil and water, were 
made as described by Schulman and McRoberts (1). Two systems were 
chosen for detailed investigation, one of which gave the electrical conduc- 
tivity of the oil phase, and: the other of which gave the electrical con- 
ductivity of the aqueous phase. 

The first system consisted of benzene, water, potassium oleate, and 
p-methyleyclohexanol, which was benzene continuous; the second con- 
sisted of Cis paraffin (Thin Nujol), water, potassium oleate, and p-methyl- 
cyclohexanol, which was water continuous (see Table I). 

Systems were further chosen in which the relative volume of the con- 
tinuous phase was increased. Thus, in cases where, owing to the high 
concentration of the soap-alcohol complex, a possible distorted close 
packing of the spherical droplets of the dispersed phase would take place, 
(see Section VI) an expansion of the disperse phase would allow room for 
a separation of the droplets. 

The conductivities of the benzene, the alcohol solution, and the aque- 
ous soap solutions, were measured independently with an Avometer, and 
these values were compared with the conductivity of a given transparent 
oil/water system to determine the constitution of the disperse phase. As 
is indicated in Table I, certain oil-continuous systems containing much 
soap possessed an intermediate conductivity and are classed as anomalous. 

Potassium oleate was chosen as the soap, since it possesses several 
advantages. First, the potassium ion has a comparatively high X-ray 
scattering power, and secondly, the potassium soap is well above the 
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TABLE I 


——————— SSS SSS 


Volume (cc.) of 


Spec- Extra salts 
imen : _ | Oc- | Thin | p-Methyl PHexae LP. 
Oleie | Zar Water] Bens | tane | nujol|'eyelow’ | PAGE | Mma 
1 5.00 4.25 
2 4.80 3.15 
3? 5.00 6.32 
gl eee ee) 5.00 3.70 
2 5.00 6.55 
6+ [J 5.00 4.63 
7 2.46 | 3.90} 1.10 5.00 3.80 
8 5.00 2.55 
= 9 5.00 2.22 
3 | 10 5.00 2.82 | 
=} 11 5.00 2.00 0.25 g. K2SO, 
| 
s 12 1.97 | 3.54} 1.46 10.00 3.15 
8 | 13 15.00 2.55 0.25 g. K2SO.x 
5 14¢ 1.67 2.47 0.25 g. KeSO, 
15 5.00 2.15 ; 0.25 g. CsI 
16 5.00 1.65 
17 1.50 | 2.37 | 2.63] 5.00 2.00 
18 5.00 2.33 


27 1.97 | 3.54] 1.46 


29 1.00 | 1.58 | 3.42 


30 0.75 | 1.18 | 3.82 


Water continuous 


* Anomalous, slightly conducting. 
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Krafft point at room temperature. This enables solutions of the soap to 
be made at concentrations considerably higher than with the sodium 
soaps. In this work results were obtained with 40% potassium oleate as 
solutions or as clear aqueous dispersions. Redistilled colorless oleic acid 
was used, to which was added the correct quantity of KOH (in 5 cc. of 
solution) necessary to neutralize the acid. To the 5 cc. of water and 
potassium oleate in appropriate concentration was added 5 cc. (usually) 
of the non-polar oil [benzene, Cs paraffin, Cis paraffin (Thin Nujol) ], 
and the whole titrated to transparency by the addition of the polar oil 
(amyl alcohol, hexyl alcohol or p-methyleyclohexanol) under vigorous 
stirring. p-Methylcyclohexanol gave stable systems with the soap in 
much lower concentrations than could be obtained with the other alco- 
hols. It has not thus far been found possible to make transparent oil- 
water dispersions with the chlorinated hydrocarbons, using them either 
as the polar oil in the presence of benzene or as the nonpolar oil in the 
presence of alcohols. 

The composition of the systems studied is given in detail in Table I. 


IV. X-Ray PHOTOGRAPHY 


The X-ray photographs were taken with CuKa radiation (nickel- 
filtered) of wavelength \ = 1.54 A. The specimen-to-film distance for the 
high spacings was 50 cm. in most cases, although 30 cm. and 40 cm. were 
used at the beginning of the work. All photographs were taken in vacuo 
to eliminate air-scattering and exposures of ca. 24 hrs. were necessary 
with the gas-tube used. A few photographs were also taken with crystal- 
reflected monochromatic X-rays, but the exposure times. were too lengthy 
for an initial survey. 

The essential feature of the instrument was that the two final slits 
defining the X-ray beam could be adjusted reproducibly with micrometer 
precision. Similarly, the lateral movements of the specimen-holder and of 
the film-holder were precisely controllable. To avoid any trace of ‘“‘para- 
site” scattering, the final slit was faced with carefully selected cleavage 
slips of calcite, and its adjustment needed to be performed with great. 
delicacy. A nickel backstop was used of thickness sufficient to absorb 
most, but not all, of the energy in the direct beam. 

The liquid specimens were enclosed in small vacuum-tight Hysil glass 
tubes, 1 mm. in diameter and 0.02-0.03 mm. wall thickness. The sealing 
of these tubes was done in an oxygen-gas flame in such manner as not to 
affect the liquid contents. 

The low spacing photographs were taken at 4, 5, and 6 cm. using a 
small cell made of Tufnell with 2 beryllium plates 1 mm. apart. Baked 
shellac was used as the adhesive. 
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V. GenerAL Resumé or X-Ray RESULTS 


The specimens in general gave well defined low-angle X-ray bands of 
moderate breadth (Plate I), but both the diffuseness and the intensity of 
the bands varied between wide limits. The water-continuous systems 
gave markedly weaker diffraction effects than the oil-continuous, al- 
though the scattering from two “anomalous” oil-continuous systems 
(6 and 7) was so weak as to be hardly measurable. The highest Bragg 


14. 


11. 
133 A. 
(164) 


ate. 
151 A. 
(186) 


13. 
185 A. 
(228) 


(a) (b) 


Puate I. 


X-ray photographs at 50 cm. of oil-continuous systems. Bragg spacings are given with 
corrected spacings in brackets. (a) Specimens 8, 16, 19 show increasing spacing with 
decreasing amount of soap. (b) Specimens 11, 12, 13 show increasing spacing with 


increasing amount of oil, while specimen 14 shows a very broad band due to anomalous 
“squashed”’ system. 


spacing recorded was ca. 425 A (specimen 22) corresponding to a diffrac- 
tion angle (26) of only 12.5 minutes of arc. 

Apart from the ‘“‘reinforced”’ specimens, the best results were obtained 
with specimens 8, 16, and 19, which have the Cg hydrocarbon as the con- 
tinuous phase. In an attempt to increase the X-ray contrast, certain oil- 
continuous systems were made up with extra salts dissolved in the water 
phase. Cesium iodide (specimen 15) proved disappointing, but potassium 


sulphate (specimens 11, 13, 14) seemed quite efficacious as an enhancing 
‘agent. 


se 
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It is obvious that, when dealing with such small angles of diffraction, 
it is impossible to achieve much accuracy in the measurement of tps 
Bragg spacing, particularly in the case of broad bands. Estimated ap- 
proximate limits of error are given in Tables II and III, and will be seen 
to be considerable for the highest spacings. 


TABLE III 
Water-Continuous Systems 


Calculated spacings (A) 
Observed X-ray 


spacings (A) 
Vol Lamel. Probable 
Speci- of. late: Phase Sera ca in 
men acid ratio Spheres Cylinders Cc 
(ce.) g diam- (diam- Com: (Cor- 
eters and eters) | Unswol- ies a d rected) 
gap) len by Feolise (Bragg) (Cor- 
_ water by water ER rected) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
(23 0.64 |142(—7)| 106 87 99 69 85 + 5 
24 0.44 |192(—9)} 140 103 115 70 86 + 4 
3.16 —_——— Lee 
25 0.58 | 160 (—7) 118 91 103 & 
26 1.03 | 158 (0) 118 91 14#2 115 14057) 2. 6 
27 1.97 0.67 | 206 (—4) 150 107 126 108 133 +12 
28 1.50 0.70 | 252 (1) 180 122; 147 154 190 + 7 
29 1.00 0.78 | 332 (10) 234 149 187 255 314 +25 


30 0.75 | 0.74 | 460 (18) 318 191 243 387 476 +50 


@ Very faint photograph. 
Notes 


Column 4 gives the diameter of spheres with value of gap in brackets. Add the two 
values of 28, 29, 30 to compare with column 9. 

Column 6 gives the calculated spacings for lamellae swollen by oil only. 

Column 7 refers to lamellae completely swollen by water and oil. 


The diffuse nature of the bands suggests that we are dealing with a 
liquid-type of low-angle X-ray scattering (9). A rigorous interpretation 
of the effects can, therefore, only be achieved by a Fourier analysis which 
takes into account the whole course of the scattering curve over the 
appropriate region. This has not yet been attempted and, in any event, 
would require the use of crystal-reflected monochromatic radiation. For 
the purposes of. this paper, it is probably sufficient to correct the mean 
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Bragg spacing of the bands by the factor suggested by Ehrenfest and 
Prins (10) in the case of close-packed liquids, which has reference to the 
sin x 


: rN 
first maximum in the curve. All Bragg spacings (4 = a) have, 


therefore, been multiplied by the factor 1.23, and the resulting spacing 
is considered to refer to the average center-to-center distance between 
neighboring diffracting units, e.g., spherical micelles. It is impossible to 
affirm at our present state of knowledge that this factor applies over the 
whole range of spacings and for all the systems studied, and this uncer- 
tainty should be borne in mind when discussing the results in detail. 
Nevertheless, as will be seen later, the general trend of results (see Fig. 2) 
provides convincing evidence for the existence of spherical micelles in 
many of the systems. 

It is essential to the present theory that mixed monolayers can be 
formed of equimolecular mixtures of soap and alcohol and the following 
experiments were done in an attempt to throw light on this point. 
X-ray photographs were taken, under identical conditions, of 


(a) a concentrated solution of potassium oleate (gel) (3.16 cc. oleic 
acid, 5 cc. 2 N KOH), 

(b) a mixture of potassium oleate and p-methylcyclohexanol (gel) 
(3.16 cc. oleic acid, 5 cc. 2 N KOH, 3.32 cc. p-methylcyclohexanol), 

(c) pure p-methylcyclohexanol (liquid), 


and the following Bragg spacings were measured: (a) 4.6, (b) 4.8, (c) 5.1 
and 11.1 A (two bands). 

The 11 A band given by pure p-methylcyclohexanol is of about the 
same strength as the 5 A band. The fact that it is not observed in (b) 
indicates that, in this mixture, the alcohol is not present in the normal 
liquid state. Further, the 4.8 A band in (b) is not noticeably broader than 
the equivalent bands in (a) and (c), which suggests that it is not simply 
the result of their superposition. 

The hypothesis that in (b) the soap and alcohol form a mixed mono- 
layer is also supported by a comparison of the high spacing given by this 
mixture with that given by the soap solution alone. For (a) a value of 
54 A was measured, corresponding to a water-swollen lamellar micelle 
(see Fig. 1), whereas in (b) the spacing had diminished to 42.5 A. It is 
clear that the alcohol cannot be present between the soap layers as in 
oil-swollen lamellar micelles (nonpolar oil), and it seems probable that 
a mixed crystallite has been formed with layers inclined as in the more 
normal soap crystallites. Drawings to illustrate this argument are given 
in Fig. 1. 

It has been considered that the single side-spacing of 4.5 A given by 
soap solutions of concentration greater than 5% could provide a value 
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for the area per molecule on the assumption that the molecules are ar- 
ranged on a two-dimensional hexagonal lattice. The value thus derived 
is 26 A?. The sodium or potassium soaps are above the Krafft point at 
room temperatures and their concentrated solutions can be considered 
to be in a liquid crystal state which would support the concept of hexag- 
onal packing in the soap layers. If the layers in the mixture of potassium 
oleate and p-methylcyclohexanol consist of a lattice of a 1:1 complex, the 
molecular arrangement in the monolayer can no longer have hexagonal 
symmetry but probably is two-dimensionally tetragonal in nature. The 
derivation of the area per soap molecule from the side-spacing of 4.8 A 
is open to question, but a possible approach is as follows. The side-spacing 
may be corrected by the liquid factor 1.23 to give a value of 5.9 A between 
neighboring molecules in a square array, which corresponds to an area of 
70 A? per soap molecule. In any event, it is certain that the area per 
molecule is greater than the 2 X 26 = 52 A? for the soap alone, and the 
true value probably lies between the two figures. From monolayer experi- 
ments, the area per soap molecule is at least 30 A’. 


VI. PREDICTED SPACINGS FOR DIFFERENT STRUCTURAL MODELS 
Spherical Micelles 


In the following calculations we shall assume that the soap-alcohol 
monolayer is impenetrable by either water or nonpolar oil, and that the 
spherical micelles can be considered as having a solid shell of thickness 
equal to the length of a soap molecule. This length, J, is taken to be 25 A. 

The total area of the soap-alcohol monolayer is 


dy NGS 
ee ce | aoe 9 
where W = weight of oleic acid, 


M = molecular weight of oleic acid, 
S = area per molecule of oleic acid, 
N,. = Avogadro’s number. 


This expression may be reduced to 
a = 0.137 X 1082, 


where v = volume of oleic acid, assuming that all the oleic acid is in the 
monolayer and taking S = 70 A?. 

The case of the oleophilic hydromicelles (see Fig. 1) is the simpler of 
the two to treat, as this surface area can be taken as equal to that of the 
water spheres, the surface of contact C; (Fig. 3) obviously passing 
through the inward-pointing polar groups. If the system consists of 
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Fic. 3. Schematic picture of spherical or cylindrical micelle. / and m represent lengths 
of soap and alcohol molecules, respectively. v: = volume of intramicellar liquid; vz = 
volume of intermicellar liquid; p represents gap between spheres. 


spherical micelles of equal size, the radius 7; of the water spheres (Fig. 3) 
is obviously 


PT as SO ore (1) 


where V, = volume of water, and the overall radius of the micelle 
= 1, + l. (2) 


For a given volume of water a straight line should, therefore, be 
obtained by plotting diameter against the reciprocal of the volume of 
oleic acid. This, however, assumes that the whole of the oleic acid is 
available for making the interface. It is more probable that there is an 
equilibrium between the soap molecules in the monolayer and those 
dissolved in the water phase and this involves a modification in Eq. (1) 
of the following type: 

3 Vw 
0137 @ aay OY (3) 


Ty = 


where », represents the volume of oleic acid not in the surface layer. 

This volume of oleic acid in these systems may be taken as 1%, being 
the concentration of soap at which a marked change in density of the 
solution is observed, and below which no characteristic X-ray side-spac- 
ings are observed. With Vw = 5 ce., (3) thus becomes 


109.5 
> 0.05" (4) 


tie 
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and a plot of diameter against the reciprocal of the volume of soap will 
show an upward curve (Fig. 7) which is more pronounced at the lower 
concentrations of soap. The theoretical values for sphere diameters in 
Table II were calculated from Eqs. (4) and (2) and are shown as the top 
curve in Fig. 7. 

The surface of contact in the hydrophilic oleomicelles is no longer 
over the inner circumference C, of the soap-alcohol shell, and is conse- 
quently related to the volume of oil, V., in a less simple fashion than in the 
previous case. The surface of contact is presumably defined by the non- 
polar ends of the alcohol molecules and is marked C, in Fig. 3. The ex- 
plicit equation for r,.in this case is 


ri? — Rr; — 2Rir, — R? = 0, (5) 
where ¢ = the difference in length of soap and alcohol molecules and 
oa bts (6) 

and, a good approximation, 
n= R- 35: (7) 


The values given in Table III were computed from this expression 
and the corrected form of Eq. (6) analogous to Eq. (8). ¢ was taken as 15 
for p-methylcyclohexanol, 16 for 1-hexanol, and 17.5 for 1-pentanol. 


Cylindrical Micelles 


It is easily shown that all the foregoing expressions except Eq. (5), 
apply to systems containing cylindrical micelles of equal diameter and 
height, if Eqs. (1) and (6) are rewritten as 


2Va 
ae? 
(8) 
AN 
o 


The cubic equation (5) becomes the quadratic equation 
ry? — Rr; — Rt = 0 


but, here again, the approximation (7) may be used. 

The values for cylindrical micelles given in Tables II and III were 
derived from Eq. (8) using the same constants and correction terms as for 
the spherical micelles. 

Lamellar Micelles 

Fig. 1 shows a schematic picture of an oil-and-water-swollen lamellar 

micelle. The identity period is 


d =e +’ y+ 2, 
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where x and y represent the thicknesses of the water and oil layers, 
respectively. Rewriting in the usual terms gives 
2V 


o 


d 


+ 252 + 24, (9) 


where V,, and V, refer here to the volumes of water and oil actually be- 
tween the layers, 7.e., intra- as opposed to intermicellar liquid. This 
expression, appropriately corrected, was used to derive the listed cal- 
culated spacings for two extreme cases: (a) with no “continuous phase” 
liquid between the layers (b) with the whole of the ‘“‘continuous phase’ 
liquid between the layers. 


Sh ® 
Si. 


(a) (b) 
(Cc) d) 


Fig. 4. Possible assemblies of spherical micelles. (a) separated; 
(b) in contact; (c) unequal spheres; (d) squashed. 


Packing of Spherical Micelles and Phase Ratio 


It is obvious that spheres of a given size will be more separated the 
greater the volume of the continuous intermicellar medium (Fig. 4). 
Similarly, for closest-packing of espheres, there will be a definite ratio 


between the volumes of intra- and intermicellar liquid. The phase ratio, 
g, is defined by 


= Volume of intermicellar liquid _ 9 
volume of intramicellar liquid 0, (Fig. 3). 
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The gap, p, between neighboring spheres depends both on this ratio and 
on the overall radius, 7, of the spheres. If the spheres are assumed to be 
in regular 12-coordination, then the center-to-center distance, d, between 
neighboring micelles may be shown to be given by the expression 


a = FS a Cole — D8 +17) (10) 


where d = 2r + p. In Fig. 5 have been plotted curves relating the gap, p, 
to the diameter 27, for a series of values of the phase ratio, g. It will be 
noted that for any given value of g there is a critical diameter, 2r,, cor- 
responding to closest-packing of spheres (p = 0). These critical diam- 
eters have been plotted as a function of g in Fig. 6, which corresponds to 
the critical contact line in Fig. 5. Negative values of p may either cor- 
respond to ‘‘squashing”’ of the spheres or to an impossible system. 

It is easily shown that the constant term in front of the bracket in 
Eq. (10), which is 5.92 for 12-coordination, drops only slightly to 5.44 
(v3) for 8-coordination. The distance apart of spheres is thus not very 
sensitive to the exact nature of the coordination and the assumption of the 
equivalent of closest-packing will not lead to any serious error. 

Values of g are given for all the systems studied in Tables II and III 
and the corresponding values of p are written after the spherical diam- 
eters in column 4. In computing g, the volume of the oil-phase has been 
corrected by the amount of surplus alcohol above that required to make 


G 
30 


25 


20 


g 3 


GAP BETWEEN SPHERES 
o 
° 


60 Lo 
40 
20 
os 
° = 
-10 
50 wo 200 300 400 500 


DIA. OF SPHERES 


Fic. 5. Gap between spheres, p, plotted as function of diameter 
for different values of the phase ratio, g. 
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Fig. 6. Critical diameter of spherical micelles for 
contact plotted as function of phase ratio, g. 


an equimolecular layer with the soap. The oil-phase thus contains both 
nonpolar oil and surplus polar oil (alcohol). 

Similar calculations cannot be performed for cylinders unless some 
assumption is made about their length. This has not been attempted. 


Minimum Diameter for Hydrophilic Oleomicelles 


Reference to Fig. 1 makes it clear that the structure of the monolayer- 
shell in a hydrophilic oleomicelle will permit of only a limited amount of 
curvature of the surface. Assuming the longer soap molecules to pivot 
about the extremity of the shorter alcohol molecules, the limiting curva- 
ture is reached when the nonpolar ends of neighboring soap molecules 
come into contact. It is easily proved geometrically that the corresponding 
limiting diameter is 80 A if the following molecular dimensions are used: 
length of soap molecule, |] = 25 A; length of alcohol molecule, m = 10 A; 
breadth of soap or alcohol molecule, +5 A (the value is not critical in the 
calculations). The data presented in Table III show that most of the 
systems studied lie well above this critical region. It is interesting that 
similar considerations do not apply in the case of the oleophilic hydro- 
micelles. 

VII. Discussion or REsuLts 


The first thing to consider is whether the general trend of the experi- 
mental results is in harmony with the hypothesis of spherical micelles. 
In order to do this for the oil-continuous systems, the corrected X-ray 
spacings have been plotted against the reciprocal of the volume of oleic 
acid in Fig. 7. A similar plot for the water-continuous systems would not 
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be as instructive, owing to the varying volume of the oil-phase (intra- 
micellar volume) in these systems, and the comparison between theory 
and experiment is here made in Table III. 

It will be seen that the experimental points in Fig. 7 lie near or above 
the theoretical curve for spheres, except in the case of some of the more 
concentrated soap systems. The arrows indicate the spacings after sub- 
traction of the calculated gap, p, between spheres, and represent probable 
spherical diameters. Even so, certain spacings, notably that correspond- 
ing to specimen 22 (0.75 cc. oleic acid), still lie above the theoretical 
curve and the experimental error only partially explains the discrepancy. 
The fit would be better in this region if a smaller area per molecule and a 
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Fic. 7. Plot of corrected X-ray spacings against reciprocal of volume of oleic acid. 
Arrows indicate spacings after subtraction of estimated gap between spheres and cor- 
respond to diameters. Theoretical curves for spheres, cylinders and lamellae are given, 
the dashed curve representing lamellae swollen by 7 cc. oil in addition to all the water: 
the lowest curve refers to lamellae swollen by the water alone (5 cc.). 


larger solubility factor were used. It should, however, be realized that the 
factor 1.23 used in the derivation of the spacings from the X-ray data may 
need adjustment, as was said in an earlier section. 

The most striking feature of Fig. 7 is the way it shows the impossi- 
bility of reconciling the higher spacings with the hypothesis of cylindrical 
or lamellar micelles, even when the latter are swollen to an improbable 
extreme by both oil and water. It is of importance that the liquids which 
give spacings in the 400-500 A region are commencing to give a strong 
Tyndall light scattering. 

In the lower region of the curves, the spherical model seems less able 
to explain the results, particularly as regards the systems containing 3.16 
ec. of oleic acid. The structure of these more concentrated systems is 
obscure, but they could consist of short cylindrical micelles or of small 
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typical for polycyclic structures, which apparently form only small 
aggregates, judging from freezing point measurements. Similar con- 
ductivity curves without a break have been reported for sodium des- 
oxycholate (3) and sodium abietate (6, 7), both of which are shown by 
freezing point data to be typical colloidal electrolytes with well marked 
critical concentration. 

The conductance data afford a direct comparison between the critical 
concentrations of benzyl trimethylammonium laurate and potassium 
laurate. From the curves in Fig. 2 it can be seen that the critical con- 
centration for the benzyl trimethyl derivative is about 0.01 N, less than 
half of that for the potassium salt (0.024 N). 
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Fie. 2, Equivalent conductivity vs. square root of molarity 
for some anion-active colloidal electrolytes. 


Cation-Active Colloidal Electrolytes 


Freezing point results for 3 cation-active materials are given in Table 
III in terms of the molality, m, the freezing point depression, 6, and the 
osmotic coefficient, g. 

The critical concentrations of all these salts are far too low to be 
investigated by the present freezing point method. However, the com- 
pounds do not hydrolyze, and thus are especially amenable to investiga- 
tion by conductivity. The equivalent conductivities of the compounds 
listed in Table ITI are given in Table IV and plotted against the square 
root of the concentration in Fig. 3. Two additional cation-active agents 
cetyl benzyl dimethylammonium chloride and cetyl trimethylammonium 
bromide, are also included in Fig. 3. These latter are too insoluble at 0°C. 


COLLOIDAL ELECTROLYTES 


Freezing Point Results for Some Cation-Active Detergents 


TABLE III 
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Substance m t) g 

Lauryl] pyridinium chloride 0.050 0.070 0.355 
0.100 0.115 0.311 
0.200 0.213 0.287 

Lauryl benzyl dimethyl am- 0.0316 0.033 0.28 
monium chloride 0.0638 0.049 0.204 
0.168 0.102 0.163 
0.358 0.200 0.150 
Myristyl trimethylammonium 0.050 0.033 0.181 
chloride 0.100 0.056 0.152 
0.200 0.102 0.137 


for freezing point determination to be practical. The conductivity curves 
for the 3 chlorides for which freezing measurements are given in Table 
III fall in the same order as the osmotic coefficients. 

It is evident from Fig. 3 that measurements have been made at a 
sufficient dilution to show the critical concentration. in the cases of lauryl 
pyridinium chloride, lauryl benzyl dimethylammonium chloride, and 
myristyl trimethylammonium chloride. One point for cetyl trimethyl- 
ammonium bromide appears to be below the critical concentration, but 
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Fig. 3. Equivalent conductivity vs. square root of molarity 
for some cation-active colloidal electrolytes at 25°C. 
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solutions give definitely sharper low-angle X-ray bands than those ob- 
tained in this work. In addition, they show marked flow birefringence and 
are thick greases at soap concentrations where the soap-alcohol systems 
are very fluid. This would suggest that the normal soap micelles are 
pseudo-crystalline whereas the soap-alcohol systems are liquid. 


IX. FururE Work 


Experiments are in hand with new equipment to measure the X-ray 
scattering bands for systems giving the golden coloring and opacity effects 
in emulsions of submicroscopic particle size. These dimensions will also 
be compared with the observed diameters of the droplets in the range 
where definite evidence for droplets in oil in the range 100-1000 A, should 
be possible with light scattering equipment. Attempts in this direction 
are being made. 
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SUMMARY 


The spacings of X-ray diffraction bands were studied for systems of 
oil, water and soap which had been titrated to transparency and fluidity 
by the addition of certain aliphatic or alicyclic alcohols. These systems 
were non-birefringent. Two systems were investigated in some detail; one, 
in which the oil was the continuous phase (electrically nonconducting), 
and the other, in which the aqueous solution was the continuous phase 
(electrically strongly conducting). It was shown that, with soap solutions 
of less than 27% in the water phase, the spacings of the X-ray bands gave 
strong support to the concept that the structure consisted of close-packed 
uniform water spheres in oil or close-packed uniform oil spheres in water. 
Each droplet is considered to be stabilized by a mixed monolayer of the 
soap-alcohol molecules. By changing the soap-alcohol concentration, the 
diameters of the spheres were varied from approximately 100 A to 550 A, 
at which dimensions a strong Tyndall effect was observed. By changing 
the oil-water ratio, the spacings of the X-ray bands suggested that the 
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distance between the spheres of oil or water was being varied. Conditions 
could be so chosen that the spheres were “‘squashed,” this giving rise to 
broad diffuse X-ray bands and to an anomalous electrical conductivity 
of the oil-continuous systems. In those systems which contained very 
highly concentrated soap solutions (38%), the X-ray measurements were 
better interpreted as fitting a structure of short cylinders or short lamellae 
of the soap-alcohol molecules with oil and water between the layers. 
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NOTE ON LIGHT SCATTERING IN SOAP SOLUTIONS 


P. Debye 


From the Dept. of Chemistry, Cornell University, Ithaca, N. Y. 
Recewed May 8, 1948 


The scattering of light by soap solutions has been measured in order 
to verify McBain’s picture of their constitution, acéording to which, from 
a certain critical concentration on, conglomerates (micelles) are formed, 
and to measure the molecular weight of such micelles. The measurements 
were made by E. W. Anacker and R. M. Hagen in the Chemistry Depart- 
ment of Cornell University; the investigation was supported by the 
Office of Rubber Reserve. 

Ordinary soaps, like K laurate, were the first to be investigated. 
However, they showed some secondary complications around the critical 
concentration, presumably due to hydrolysis. Acid soaps, like dodecyl- 
amine hydrochloride (DAH), were found to be free of these complications. 
The following report covers only DAH and some homologues with different 
lengths of the hydrocarbon tail. 

The excess turbidity of DAH solutions over that of the water is 
negligibly small up to a concentration which is identical with the critical 
concentration as determined by the usual methods. From this point on, 
the turbidity increases rapidly and follows a curve similar to that which 
starts from zero concentration in the case of high polymer solutions. The 
discussion of this curve along familiar lines (P. Debye, J. Phys. Colloid 
Chem. 51, 18 (1947)), combined with the observed diffraction difference 
between solution and solvent, leads to the molecular weight of the micelle. 
For DAH this was found to be 17,300, which corresponds to a conglome- 
rate of 66 single DAH molecules. It is well known that the critical con- 
centration as determined by the usual methods decreases if salts like 
NaCl, BaCl:, or LaCls, are added. It was found that the same is true for 
the critical concentration determined by light scattering. Moreover, we 
found that the molecular weight is raised markedly by the addition of 
salt. In a 0.046 M solution of NaCl it is 37,200 instead of 17,300 (as in 
pure water). For the molecular weight, as well as for the critical concentra- 
tion itself, only the concentration of the Cl ions is important, whereas the 
nature or the valency of the compensating ion (which has the same sign 
of charge as the micelle) generally is of only minor importance. At the 
same time, other negative univalent ions can be substituted for the Cl 
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ions without changing either the critical concentration or the molecular 
weight. 

Comparing DAH with its homologues having varying lengths oftheir 
hydrocarbon tails, it was found that the decrease of the critical concentra- 
tion with increasing number of CH: groups in the chain is coupled with an 
increase in the number of single molecules contained in the micelle. 

A tentative theory of the micelles is proposed based on the double- 
layer, or sandwich, picture advocated by McBain and recently adopted by 
W. D. Harkins and co-workers (R. H. Mattoon, R. S. Stearns and W. D. 
Harkins, J. Chem. Phys. 15, 209 (1947)). It is supposed that the micelle 
structure represents an equilibrium between the repulsive long-range 
Coulomb forces due to the charges concentrated in the “heads” of the 
soap molecules and the short range attractive van der Waals forces which 
come into play when the “‘tails’’ are brought from the surrounding water 
into the hydrocarbon part of the micelle structure. If N is the number of 
single molecules in the micelle, it can be shown that the work W. done 
against the electrical Coulomb forces in assembling the micelle is pro- 
portional to N? 

W. = Ni w.. 


In this relation w, is a fundamental electrical energy which can be ex- 
pressed in the ionic charge of the soap molecule and the distance of the 
heads in the layer. At the same time, molecular work is gained due to the 
short range forces and this work is proportional to N, 


Wm =e aN Aas 


in which w,, is a fundamental molecular energy. The curve for the total 
work W = W.+ W,, has a minimum for a certain N = N, and this 
minimum is taken to represent the equilibrium structure. If W, is the 
total work gained in assembling, it is found that 

Wa liowe W. 

—7=-N3} eee a 

and and Wn, 5 N, 
From our light scattering experiments we know N,. The energy W, can 
be calculated from the critical concentration according to classical thermo- 
dynamic principles. In the case of DAH with a critical concentration of 


0.0131 molar, we have N, = 66 and W./N. = 8.36 kT. This leads (at 
25°C.) to 


Wm = 25 kT and w, = 2.1 kT. 


The question is whether these values are reasonable. 
According to the measurements of the National Bureau of Standards, 
in the American Petroleum Institute Research Project 44, the heat of 
vaporization, at 25°C., of nonane is 11.099 Kcal/mole and the increase 
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for one CH;-group is 1.18 Kceal/mole. Extrapolating to dodecane, this 
corresponds to a heat of vaporization per dodecane molecule of 25 kT. 

According to W. D. Harkins, the surface area occupied by one head 
is 27 Az. Taking for the charge the electronic charge and assuming for the 
effective dielectric constant the average of that of water and that of a 
hydrocarbon, leads to w. = 2.8 kT. 

From thermodynamic principles coupled with the assumption that 
Wm is a linear function of the number of CH; groups in the tail, it follows 
that the log of the critical concentration should be a linear function of the 
number of these groups. This checks with the experimental facts and the 
observed slope of this straight line corresponds, per CH» group, to 
Wm=2.14 kT, whereas the increment in heat of vaporization of 1.18 
Keal./mole mentioned before corresponds to 2.0 kT. 

If electrolyte is added to the soap solution we have to expect that, due 
to the same shielding effect which is of fundamental importance in the 
interionic attraction theory of strong electrolytes, the electrical work W. 
will diminish. This means that the minimum in the curve for the total 
work W will be displaced to larger values of N. Hence the micelle will 
increase in size as observed. Thus far, however, the quantitative aspect 
of this question has not yet been worked out in detail. 

The independence of the micelle structure on the kind or valency of 
added ions with the same sign of charge seems peculiar at first sight, 
especially if confronted with the principle of ionic strength. However it 
should not be forgotten that the formulation of this principle is linked 
essentially with the assumption that the electrical work performed by the 
charges in changing their position within the solution is always small as 
compared to kT. This assumption is certainly not valid for ions which 
approach the micelle. A calculation according to Gouy reveals that the 
potential at the micelle should be of the order of 200 millivolts, and this 
means that at this point the concentration of ions of equal sign will be 
at least 3 X 10~-* times smaller than in the bulk of the solution. Keeping 
this in mind, it seems probable that eventually also this point will fall in 
line. 


This note is an abstract of the paper presented on April 9, 1948, at the Conference on 
Molecular Interaction sponsored by the New York Academy of Sciences. Eprror. 
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LETTER TO THE EDITOR 


STATISTICAL ANALYSIS OF THE SORPTION 
OF VAPORS BY HIGH POLYMERS 


In a recent publication! the following general equation for the total 
number of moles of vapor, NV, immobilely sorbed or adsorbed on a number 
of localized sites, N,, 


N Q’ 
eo SY 
was given where 
@d=l1+aat+a-ca+... (2) 


and 6’ is the first derivative of 6 with respect to a, the relative vapor 
pressure of the material being sorbed, or the activity if the vapor obeys 
the perfect gas law. The constants, c1, C2, etc., are the ratios of the internal 
partition functions of the sorbed molecules in the first, second, etc., layers 
with respect to the internal partition function of the molecules in their 
pure liquid phase. 

For the case that Ce, c3, etc., equal zero, the Langmuir sorption equation 
is obtained: 


SS (3) 


while for ci, C2, Cs, etc., all equal to unity, an equation results which can 
be considered as Raoult’s law applied to the solution, vapor molecules NV 
mixed with solid sorption sites, N,, 


c= o. (4) 


If c, C2, C3 are not unity but.are all equal to a constant k, a modified 
form of Raoult’s law is obtained: 


a 1 a 
nie (5) 
Nie Ng aN g 
To test these various equations we have plotted a/N against a for a 
number of sorption systems with rather striking results, particularly in 
1M. Dole, J. Chem. Phys. 16, 25 (1948). This treatment follows very closely that of 
T. L. Hill, J. Chem. Phys. 14, 263 (1946). 
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the case of the sorption of organic vapors by rubber. Fig. 1 illustrates the 
application of Eq. (5) to the well-known data of Gee and Treloar? where 
the validity of this function up to a relative vapor pressure of 0.8 can be 
seen. For the system rubber-toluene,’ the linearity of a/N as a function 
of a persists up to a relative vapor pressure of toluene equal to 0.95. 


zlo 


© RUBBER - BENZENE 
+ RUBBER = TOLUENE 


2 4 6 8 10 


Fig. 1. The activity of benzene or toluene, a (actually the partial pressure p/Do), 
divided by N, the number of moles of vapor sorbed/mole of isoprene units, plotted as 
a function of a. 


The significance of these equations and their relation to the statistical 
equations of Flory, Huggins and others will be discussed in the complete 
publication of this work which will appear shortly in the Ann. N. Y. 
Acad. Sct. 
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_ *The rubber-toluene data are those of Meyer, Wolff and Boissonnas, Helv. Chim. 
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MIXED MONOLAYERS. I. ADSORBED FILMS AT 
AIR-WATER SURFACES 


Eric Hutchinson ! 


From the Department of Chemistry, Stanford University, Calif. 
Recewed June 8, 1948 


INTRODUCTION 


A considerable amount of information is available about mixed mono- 
layers of insoluble films placed on water surfaces (8), but very little is 
available for corresponding films adsorbed from solution. 

Much attention has been focused recently (10,12,15) on the so-called 
type III surface tension curves which are frequently obtained with solu- 
tions of synthetic detergents and in which minima are often observed in 
the surface tension-concentration curves, although frequently there is no 
minimum but the surface tension after rapid lowering in very dilute 
solution remains nearly constant. In the case of at least one such de- 
tergent, sodium dodecyl] sulfate, Miles and Shedlovsky (14) have clearly 
demonstrated that the minimum is absent provided the detergent is 
highly purified, and that the minimum is restored by the addition of very 
small amounts (ca. 0.1%) of “impurity’”’ to the solution. These findings 
have been confirmed by Brady (4) using a different method of purifying 
the sample, and by Robinson? who added further amounts of lauryl 
alcohol to intensify such minima. 

Further, with highly purified samples of sodium dodecyl sulfate time 
effects on surface tension are almost entirely absent, as found by Brady 
(4) and by the author. So much discussion has taken place about the 
surface aging of detergents of this kind (2,3,16), and so many theories 
have been proposed to account for the long time effects on surface tension, 
that it is of prime importance to study systems in which the materials 
are really pure, and then deliberately to add impurities and observe the 
effects. 

While experiments of Miles and Shedlovsky (14) and Brady (4) 
demonstrate such effects qualitatively, it was thought desirable to make a 
quantitative study of the effects of a known impurity while applying the 
Gibbs adsorption theorem to such a system. The materials used were 
sodium dodecyl sulfate, with n-octyl alcohol as the impurity. Sodium 
dodecyl sulfate was chosen (a) because of the data available on the pure 


1 Bristol-Myers Company Postdoctorate Fellow and Research Associate in Chemistry. 
2 Unpublished results, Stanford University. 
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compound from the work of Miles and Shedlovsky, and (b) because a 
fairly large sample of the highly purified material, kindly supplied by 
E.L. du Pont de Nemours & Co., was available. Although the most likely 
source of impurity is dodecyl alcohol, octyl alcohol was used because of 
the greater ease in the preparation of the solutions, for which the low 
solubility of dodecyl alcohol would have proved troublesome. 


EXPERIMENTAL 


Measurements of the surface tension of the solutions of octyl alcohol 
and sodium dodecyl sulfate in distilled water and conductivity water 
were made by means of the ring method (9), and the Wilhelmy plate 
method (5,6,7) in its differential form. Usually 50 ml. of the solution was 
placed in a 10 em. glass dish provided with a cover to prevent accidental 
contamination from the air. No attempt was made to thermostat the 
solutions, but the laboratory temperature durmg the experiments re- 
mained at 23°C. + 1°. The Wilhelmy plate method showed that only very 
small time effects in surface tension occurred. After a preliminary drop of 
ca. 0.2 ~ 0.4 dynes/cm. during the first 2-3 mins., no further change in 
surface tension was observed, either in the solutions of octyl alcohol and 
sodium dodecyl sulfate alone, or in solutions containing both components 
during at least 3 hrs. The slide used in this method was a square micro- 
scope cover slip ca. 2.4 X 2 X v.02 cm, and was hung from the arm of a 
torsion balance. Harkins (7) describes two alternative methods of using 
the Wilhelmy plate method in its differential form. Firstly, a constant 
upward pull may be exerted on the slide, and the surface pressure (7.e., 
the decrease in surface tension) studied as a function of the depth of 
immersion of the slide. Secondly the slide may be maintained at a constant 
depth of immersion and the surface pressure studied as a function of the 
upward pull on the slide required to maintain this constant position. The - 
second of these methods was adopted. 

The ring used in the ring method was a Cenco platinum-iridium ring 


4.0 cm. in circumference and had a “ factor (9) equal to 39.5. 


Agreement between the two methods was generally within 0.2 dyne/ 
cm., and in the worst cases was within 0.6 dyne/cm. This agreement is 
significant in itself, demonstrating that, in cases like the present, where 
aging is almost entirely absent, the ring method may be used with solu- 
tions as well as with pure liquids. Both methods are dependent, for simple 
use, on the maintenance of zero contact angle at the solid-liquid interface. 
With solutions there exists the possibility that this may be difficult to 
ensure but, since the solid was glass in the one case and platinum-iridium 
in the other, and agreement was obtained, the assumption may reasonably 
be made that zero contact angle was obtained in both cases. | 
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No appreciable differences could be found for the surface tensions of 
solutions prepared in distilled water from those of solutions prepared in 
conductivity water. 

RESULTS 


Surface tensions for a number of solutions of octyl alcohol and sodium 
dodecyl sulfate in water are given in’Tables I-VI.’ In Fig. 1 are given 
curves for the surface tension as a function of the mole fraction N»2 of the 
octyl alcohol in water and in solutions of sodium dodecyl sulfate of various 
concentrations. Fig. 2 presents corresponding data for the variation of 
surface tension as a function of the mean mole fraction N3,. of the sodium 
dodecyl sulfate in water and in various solutions of octyl alcohol. 


TABLE I 
Surface Tension of Mixed Solutions of Octyl Alcohol and Sodium Dodecyl Sulfate 


Surface excess 


ie “p ten a 
ped m 
molality polaey g./mole X 101 Area pressure 
M2 M; 
T2 T3 Ty 
2.52 X10 = 5.50 — 5.57 29.6 36.9 
2.016 = Dsiligi —— Delia 32.0 33.8 
212512 — 5.22 — 5.22 31.6 29.3 
1.008 = 5.22 — 5.22 31.6 24.6 
0.504 — 5.30 — 5.30 31.2 14.8 
0.252 = 3.00 aes 3.00 52.0 6.6 
2 Sodium dodecy] sulfate. 
TABLE II 


Surface Tension of Mixed Solutions of Octyl Alcohol and Sodium Dodecyl Sulfate 


Surface excess 


Cone. of Conc. of Nee EEE a ah 
Shey ee g./mole X 10” ee pressure 
2 M; 
T2 T3 T 

Dio alOgs | Ola << 10% 5.28 0.53 5.81 28.4 38.7 
2.016 0.5 X 1073 5.08 49 5.57 29.6 35.9 
1.512 Ob x lOs® 4.57 64 5.21 31.7 32.9 
1.008 0.5 x 10-3 4.16 64 4.80 34.4 28.0 
0.504 0.5 X 107% 3.23 .93 4.16 39.7 21.0 
0.252 0.5 X 1073 2.21 13.9 
0 0.5 <X 1073 0 .90 .90 183.0 4.9 


2 Sodium dodecy] sulfate. 
3In Tables I-VI, 2 = surface excess of octyl alcohol; Ts = surface excess of so- 
dium dodecy] sulfate. 
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TABLE III 


Surface Tension of Mixed Solutions of Octyl Alcohol and Sodium Dodecyl Sulfate 


Surface excess 


Conc. of Conc. of 
ee pare g./mole X 10" Area 
2 M; 
Te YT; i 

2.53 & 10-3 | 1.0 x 10-3 4.37 0.78 5:15 32.0 
2.016 1.0 X 107% 4.36 .86 5.22 31.6 
1.512 LO LOE 4.37 1.00 5.37 30.7 
1.008 1.0 <103 4.25 0.95 5.20 31.6 
0.504 1.0 x 10° 3.02 IezD 4.27 38.7 
0 1.0 x 10-3 0 1.80 1.80 91.7 

2 Sodium dodecyl sulfate. 

TABLE IV 


Film 


pressure 


40.3 
39.0 
36.1 
32.0 
24.8 

9.5 


Surface Tension of Mixed Solutions of Octyl Alcohol and Sodium Dodecyl Sulfate 


<oR ot Gone. of Fil 
TORney, molality g./mole X 10” yo pressure 
M: M3 
Te rs T 

2.56 X 107-3 | 1.50 « 107% 4.47 1.03 5.50 30.0 42.5 
2.016 1.50 K 107% 3.95 1.02 4.97 oooh 40.8 
1.512 1.50 X 1073 4.15 ea 5.26 31.4 Stet 
1.008 1.50 X 1073 3.77 1.18 4.95 33.2 34.2 
0.504 1.50 < 1073 2.85 1.69 4.54 36.3 28.3 
0 1.50 < 107% 0 2.70 2.70 61.4 14.2 

* Sodium dodecy] sulfate. 

TABLE V 
Surface Tension of Mixed Solutions of Octyl Alcohol and Sodium Dodecyl Sulfate 
Surface excess 
ee. OY eo : 
molality molality g-/mole X 10” Area Retonate, 
2 3 
Ts: Ts r 

2.56 X 10-3 | 2.0 x 107-3 4.04 1.08 §.12 32.2 43.8 
2.016 2.0 X 1073 3.66 1.07 4.73 34.9 41.5 
1.512 2.0 x 10-3 3.48 1.18 4.66 35.9 39.6 
1.008 2.0 x 1073 3.28 1.38 4.66 35.9 36.1 
0.504 2.0 X 1073 2.62 1.90 4.52 36.5 30.5 
0 2.0 X 1073 — 3.66 3.66 45.9 17.9 


Surface excess 


* Sodium dodecyl sulfate. 
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TABLE VI 
Surface Tension of Mixed Solutions of Octyl Alcohol and Sodium Dodecyl Sulfate 


Surface excess 


pees: Me Cones ot 

al Se : 

molality molality g./mole X 10” Area ecm 

YT: Ta r 
2.52 & 107% | 2.50 x 1073 3.82 1.26 5.08 $2.5 45.2 
2.016 2.50 X 1073 3.05 1.25 4.25 (38.8) 42.5 
1.512 2.50 * 107-3 2.76 1.33 5.09 32.4 40.7 
1.008 2.50 X 10-3 3.05 1.66 4.68 35.3 37.9 
0.504 2.50 X 1073 2.68 2.23 4.91 33.6 32.5 
—_ 2.50 * 107-8 = 4.50 4.50 36.7 22.1 
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Fic. 1. Surface pressure as a function of octyl alcohol concentration. Curve 1, octyl 
alcohol in 2.5 X 107 M sodium dodecyl sulfate; Curve 2, octyl alcohol in 2.0 X 10° M 
sodium dodecyl sulfate; Curve 3, octyl alcohol in 1.5 X 10~* M sodium dodecy] sulfate; 
Curve 4, octyl alcohol in 1.0 X 10-8 M sodium dodecyl sulfate; Curve 5, octyl alochol in 
0.5 X 10-3 M sodium dodecy] sulfate; Curve 6, octyl alcohol in water. 
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Fie. 2. Surface pressure as a function of sodium dodecyl sulfate concentration. 
Curve 1, sodium dodecy] sulfate in 2.52 < 10-3 M octyl alcohol; Curve 2, sodium dodecyl 
sulfate in 2.01 < 10-3 M octyl] alcohol; Curve 3, sodium dodecy] sulfate in 1.51 X 10°? M 
octyl alcohol; Curve 4, sodium dodecyl sulfate in 1.008 4 10-3 M octyl alcohol; Curve 5, 


sodium dodecyl sulfate in 0.504 X 10° M octyl alcohol; Curve 6, sodium dodecyl 
sulfate in water. 


In Fig. 3 are given force-area curves for the adsorbed films of octyl 
alcohol, sodium dodecyl sulfate, and a mixed film containing both com- 


ponents. The areas per molecule in the film were obtained as described 
in following sections. 


Discussion 


The generalized form of the Gibbs adsorption theorem may be written: 


k 
dy. = pe dul ;, (1) 
1 
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Fig. 3. (1) Force-area curve for film adsorbed from alcohol solutions; (2) Force-area 
curve for film adsorbed from solutions containing 1:1 proportions of alcohol and sodium 
dodecyl sulfate; (3) Force-area curve for film adsorbed from sodium dodecyl sulfate 


solutions. 


where 


a 


Also: 


y = surface tension = (7, v2, %3 +--+ Xx), 

ui = chemical potential of the 7th component, 

I’; = surface excess of the 7th component, 

2X, = any independent intensive variables of the system, 

k = number of components in the system. 
vy Hr, (2) 
Ox; 1 Ox; 


The difficulty in applying the Gibbs theorem lies in the calculation of the 
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various derivatives = . Koenig (11) * has calculated these derivatives for 
a number of systems. 

According to the scheme set up by Koenig the present case may be 
considered as a two-phase system (a + 8) containing 3 components all 
of which are present in at least one phase, a, the solution, and in which 8 
is a dilute vapor. 

Taking as the independent intensive variables, T, N2, N3z, 


ft fakes v(T; N32, N3x), 
where 
N{ = mole fraction of water in phase a, 
Nz = mole fraction of octyl alcohol in phase a, 
N3: = mean mole fraction of sodium dodecyl] sulfate in phase a. 


It may then be shown (11) that, generally, for such a system: 
k Out te) 5 
= ar § = 2,8, +k. (3) 


2d oyeli = — ane 
For ideal solutions of non-electrolytes we may write: 


Mi = uy + RT In Nj, 


Ou Oln Nf 
(Cae a Rr ( ONG ) 


RT ad 
=a ash SND) [= 2,3,---k 
fet be 
maa (4) 
and 
bh = we + RT In NG; 
Oun RT ef 
aNt N; PR 
= 0) Beak 
Hence 
1d MSE se 9 ion oY 
TONGA TS we eee (5) 


: a 2 
The equation for ane thus contains only two unknowns I¢ and r%. In 


‘The author wishes to acknowledge his gratitude to Dr. F. O. Koenig for great 
assistance in the interpretation of the Gibbs theorem, and for the calculations of the 
derivatives. In this paper the theoretical portions are due to Dr. Koenig. A generalized 


scheme for the application of the Gibbs theorem is to be published shortly by this 
author. 
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the case that one of the components, e.g., the Ith is an ideal electrolyte, 
we have 


wi = wi? + vRT In Nig, 


and 
Out vRT 
ONT. Ni’ 
and 
Onn vRT 
NG, ~ N% for h=l1, 
= for h#Al. 
v Pitas) eo OY oe 
Thus — we Ti a aq Tt = — one, for | = ideal electrolyte. For the 


system water, octyl alcohol, sodium dodecyl sulfate/water vapor, 


Component 1 = water, 


2 = octyl alcohol, 
3 = sodium dodecyl sulfate. 
eee NRT es suey 
and 
2RT 2RT oY 


fed an 


on Nz eet ee a 


ai ONS. ’ (7) 


assuming the solutions to be ideal. These two equations contain three 
unknowns I, I's, 3 and to solve for these we require a third equation, 
viz., a normal convention to define the position of the Gibbs surface. 

In this particular case, where the solutions are dilute, a suitable con- 
vention is IT; = 0: the so-called Gibbs’ convention. 


Then 
‘ ane SON acol 
T= — RT aNz RT ON? 
where 
F = the film pressure = y° — y 
and 


Ys = ORT aN3, 


Values for I’, and I’; obtained by measuring the slopes of the F—N curves 
are given in Tables I-VI. Values of the total surface excess T = T.p + T3 


: 1 é 
and the corresponding areas per molecule in the films. A = wr are given 


in Tables I-VI also. 
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Any study of adsorbed films, and particularly those involving de- 
tergents such as sodium dodecyl sulfate, is critically dependent on the 
purity of the materials used. The n-octyl alcohol used here was a pure 
sample and was well shaken up with “‘Florisil’’ prior to use. The sodium 
dodecyl sulfate showed practically no signs of aging and this may be 
taken as indicative of a high degree of purity. The surface tension curve 
of aqueous solutions of this material, however, was some 1-3 dynes/cm. 
lower than those of Brady (4) and of Miles and Shedlovsky (14), depend- 
ing on the concentration. Hence, it is possible that very small traces 
(<0.05%) of impurity still remained in the material. This does not in- 
validate some of the more important conclusions which may be drawn 
from the results. 

By virtue of Eq. (8) the I: values quoted for the octyl alcohol are ~ 
independent of any impurities in the sodium dodecyl] sulfate (except in 
the event that the adventitious impurity is itself octyl alcohol). The 
values quoted for I; will, in general, be greater than the true values for 


T3, in the absence of impurity, since the measured slope 


oF 
j 1 erase, Sao r ] ted 
strictly to be written a(Nicek Nove Hence, the I’; values quote 


oF 
Nex ought 


represent upper limits for this quantity. Even so, it is immediately ap- 
parent that the number of molecules of octyl alcohol in the film is at least 
equal to that of the sodium dodecyl sulfate, and is generally 2 or 3 times 
greater. Even when the bulk concentration of alcohol is only one-fifth 
that of the sodium dodecyl sulfate, there are rather more molecules of 
alcohol than of detergent in the film. Hence, the alcohol is relatively more 
surface active than the detergent containing 4 more carbon atoms, and 
it is, therefore, highly probable that, owing to the Traube rule effect, 
dodecyl alcohol would be very much more surface active than sodium 
dodecyl sulfate. Thus, even when present at only small concentration as 
impurity, the alcohol would form a significant portion of the surface film. 
Beyond the critical concentration of the sodium dodecyl sulfate, when 
micelles are present, the alcohol will be largely, if not entirely, removed 
from free solution by solubilization, and the film will now consist almost 
entirely of sodium dodecyl sulfate. Thus, in terms of the mixed film it 
becomes apparent why type III curves are obtained with impure ma- 
terials. It is still a problem why type III curves without a minimum 
exhibit a constant low surface tension over a wide range of concentration. 

Inasfar as the absolute magnitudes of the I values are concerned it 
must be borne in mind that these were calculated on the assumption that 
the solutions are ideal. From the work of McBain and Johnston (13) it 
is clear that, in dilute solutions, sodium dodecyl] sulfate is almost ideal, 
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yielding solutions with an osmotic coefficient g ~ 0.98-1.00. No data are 
available to show how good an approximation holds in the case of octyl] 
alcohol. However, the values of I, quoted for octyl alcohol represent a 
lower limit, for, if the solutions are non-ideal, the true values of I, must 
necessarily be greater than these since with non-ideal solutions the slopes 
of the F ~ N, curves will be greater than for ideal solutions. 

The force-area curve for n-octyl alcohol alone shows the film to be a 
highly compressed gaseous film with large deviations from ideality above 
ca. 10 dynes/cm.: this is in agreement with the generally observed higher 
degree of condensation of alcohols as compared with corresponding acids 
in insoluble films (1). 

The force-area curve for sodium dodecyl sulfate shows that this com- 
pound forms a “gaseous” type film with a roughly constant value for the 
product (Force x Area) ~ 800-900. A large number of force-area curves 
may be drawn for films adsorbed from solutions of the two solute com- 
ponents. Curve 2 in Fig. 3 shows that for the film adsorbed from approxi- 
mately equimolar solutions, and it is seen that the film has properties 
intermediate between the condensed film of the alcohol and the gaseous 
film of the sodium dodecyl] sulfate. Inspection shows that all of the mixed 
films have intermediate properties, approximating more or less closely to 
the behavior of the major component of the film. This is essentially the 
same as was found for a number of mixed insoluble films by Harkins and 
Florence (8). There is no obvious variation in the properties of the system, 
e.g., rapid changes of slope in the F ~ N curves, to suggest surface com- 
pound formation such as was suggested by Schulman (17) for insoluble 
films of cetyl alcohol penetrated by sodium cetyl] sulfate; nor is there any 
evidence, except possibly in extreme dilution, that one component sensibly 
increases the adsorption of the other by any kind of “‘boosting”’ action. 

The probable accuracy of the values of A, the area per molecule in 
the film is of course much lower than in the case of insoluble films. Not 
only are the measurements of the surface tension themselves relatively 
inaccurate (- 0.2-0.3 dynes/cm.) but the determination of the I’, involve 
drawing tangents to curves which in some places have a small radius of 
curvature, and errors are easily introduced at this stage. Thus, since the 
areas are subject to a probable error of ca. 1-2 A?, it is felt that quantita- 
tive deductions from the F — A curves might not be justifiable. 


ACKNOWLEDGMENT 
The author wishes to express his thanks to Prof. J. W. McBain, F.R.S., for kind 
encouragement and advice. 
SUMMARY 


Measurements have been made of the surface tensions of solutions 
containing octyl alcohol and sodium dodecyl sulfate. By the application 
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of the Gibbs adsorption theorem for 3-component systems, values have 
been determined for the surface concentration of alcohol and detergent. 
Even in solutions in which the alcohol concentration is low relative to 
that of the sodium dodecy] sulfate, the alcohol remains the main constitu- 
ent in the mixed film. By analogy, reasons are adduced to explain ‘‘type 
III” surface tension curves for detergents of this kind. The properties of 
the mixed films are intermediate between those of the pure components, 
and there is no evidence for interaction in the mixed film. There is ap- 
parently mere competition for the available surface in the monolayer. 
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INTRODUCTION 


Much of our knowledge of the behavior of colloidal electrolytes in 
solution is a result of the measurement of colligative properties. The 
conductivity is a property that can be measured both conveniently and 
accurately. However, realizing the danger of drawing extensive conclu- 
sions from a single type of measurement, an effort has been made in the 
Stanford laboratories to measure both the freezing point lowering of 
these solutions and their conductivities whenever possible. Although the 
field is limited by the insolubility of many of these materials at 0°C., 
there nevertheless exist many gaps in the literature where such a measure- 
ment can be made. The present paper presents data for some typical 
colloidal electrolytes of widely different molecular structures. 


EXPERIMENTAL MrEtTHop 


Freezing points were measured by a modified Beckmann method. 
The usual precautions were observed in keeping the thermometer always 
at 0°C. and avoiding large heat loss through the walls of the freezing 
compartment. 

Conductivities were measured at 2000 cycles with a Dyke-Jones 
bridge and an oscilloscope detector. The cells were of Pyrex glass with 
platinized platinum electrodes, and were maintained at 25.000 + .005°C. 
in an oil thermostat. The conductivity water was distilled through a 
Barnstead conductivity water still with block tin condensers and stored 
in a Jena glass bottle. The specific conductivity of the water averaged 
about 7 X 10-7 ohm~'cm™. 

Since the salts of carboxylic acids hydrolyze, in studying these ma- 
terials a small excess (usually about 4 mole %) of base was added to 


1Study conducted under contract between Stanford University and the Office of 


Naval Research. 
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suppress this hydrolysis. Osmotic coefficients and equivalent conductivi- 
ties for the colloidal electrolytes were then calculated by subtracting the 
theoretical effect of the excess base on the assumption that the two elec- 
trolytes are without influence on each other. This will introduce no error 
in concentrated solutions (1, 2). The distortion at other concentrations is 
far less than that which would arise if the material were allowed to 
hydrolyze. 
Materials 


Sodium linoleate and linolenate: from Kahlbaum linoleic and linolenic 
acids, respectively. 

Sodium ricinoleate: from Eimer and Amend ricinoleic acid. This 
material had polymerized, but after treatment with alcoholic potassium 
hydroxide it gave an equivalent weight of 300.6 (theory: 298.3). 

Benzyl trimethylammonium laurate: from Triton B (Réhm and Haas) 
and Kahlbaum lauric acid. Electrometric titration of the Triton B gave 
no indication of unquarternized material. 

Morpholine laurate: from Union Carbide and Carbon morpholine and 
Kahlbaum lauric acid. 

Monobutyl biphenyl sodium monosulfonate and monobutyl phenylphenol 
sodium monosulfonate: the commercial wetting agents, Aresket and 
Areskap (Monsanto), were used without further purification. 

Lauryl pyridinium chloride: Emulsol Corp. 

Sodium abietate: E. I. du Pont de Nemours & Co. 

Lauryl benzyl dimethylammonium chloride: a specially purified sample 
of Zephiran, furnished by Winthrop Chemical Co. 

Myristyl trimethylammonium chloride: special sample from E. I. du 
Pont de Nemours & Co. 

Cetyl benzyl dimethylammonium chloride: Wm. S. Merrell Co. 

Cetyl trimethylammonium chloride: Wm. S. Merrell Co. 


Anion-Active Colloidal Electrolytes 


The osmotic coefficients, g, of 3 types of anion-active colloidal elec- 
trolytes as determined by freezing point lowering are given in Table I and 
Fig. 1; they are equal to the freezing point lowering divided by the 
lowering for ideal fully dissociated electrolyte; namely, 1.858 times twice 
the molality, m. 

For comparison, already published curves for potassium oleate (3) 
and potassium laurate (4, 5), determined largely by a much more accurate 
freezing point method, are also shown in the Fig. 1. Results from the 
Beckmann method become undependable below about 0.05 N , which is 
still above the critical concentration’ for all these substances. Several 
conclusions may be drawn, however, from the data at high concentration. 
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Considering first the salts of the unsaturated acids, it may be noted 
that sodium linoleate, sodium linolenate, and potassium oleate, all have 
about the same osmotic coefficient throughout the concentration region 
where comparison is possible. On the other hand, sodium ricinoleate, 
where there is a hydroxyl group on the long chain, has a definitely higher 
osmotic coefficient, connoting less ready packing into micelles. _ 


TABLE I 
Osmotic Coefficients of Some Anion-Active Colloidal Electrolytes 
A. Unsaturated 


Sodium linoleate Sodium linolenate Sodium ricinoleate 


m g ™m g m g 
0.340 0.111 0.500 0.096 0.302 0.172 
0.116 0.132 0.128 0.108 0.152 0.211 
0.0622 0.143 0.0474 0.134 0.0604 0.331 

B. Laurates 


Benzyl trimethyl- 


Rar aninmniltnrato Morpholine laurate 


m g m g 
0.389 0.288 0.592 0.203 
0.181 0.300 0.379 0.215 
0.0866 0.371 0.180 0.294 
0.0424 0.556 0.0872 0.395 
0.0177 0.99 0.0416 0.521 


C. Polycyclics 


Monobutyl biphenyl sodium 


Monobutyl phenylphenol 


Sodium abietate 


monosulfonate sodium monosulfonate 
m g m g m g 

0.566 0.600 0.568 0.580 0.0481 0.597 
0.368 0.628 0.268 0.633 0.0239 0.615 
0.178 0.687 0.105 0.745 0.0095 0.811 
0.103 0.713 0.0500 0.840 
0.0501 0.784 0.0252 0.940 
0.0342 0.779 


Fig. 1 also permits a comparison of the 3 laurates: potassium, mor- 
pholine, and benzyl trimethyl ammonium. It may be seen that at con- 
centrations where the colloid is fully formed, the salts with the large 
gegenions, morpholine and benzyl trimethylammonium laurate, have 
about the same osmotic coefficient. Both, however, have higher coeffi- 
cients than the potassium salt. Although these data do not allow establish- 
ing the critical concentration with any exactness, it is evident that the 
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laurates with the large counter ions have a much lower critical concentra- 
tion than potassium laurate. It would be desirable to investigate other 
positive ions, but it is difficult to find one that is reasonably pure, and 
forms both a strong base and a soluble soap. Morpholine (Ky = 10-°) is 
about as weak a base as is practical, and even this is too weak to form 
isotropic solutions with lauric acid below approximately 0.05 N. 

The third class of colloidal electrolytes shown in Fig. 1 includes the 
biphenyl] derivatives, sodium salts of monosulfonated butyl biphenyl and 
butyl phenylphenol. They behave similarly to each other, but quite 
differently from the other compounds shown. The osmotic coefficient 
definitely shows aggregation in more concentrated solutions, but it occurs 
much more gradually and to a much lesser extent that in the straight 
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Fig. 1. Osmotic coefficient vs. square root of molality for 
some anion-active colloidal electrolytes. 


chain compounds (6,7). Sodium abietate, another type of polycyclic 
structure, appears to have an osmotic behavior intermediate between 
that of the long chain compounds and the biphenyl derivatives. 

Fig. 2 and Table II present the equivalent conductivities of the same 
materials whose osmotic coefficients are given in Table I and Fig. 1. The 
trends are the same as those noted for the osmotic coefficients. The 
sodium salts of the 18 carbon unsaturated acids, linoleic, linolenic, and 
ricinoleic, have conductivities rising in that order in the flat portion of the 
curve, which is the same order observed for the osmotic coefficients. The 
biphenyl derivatives show only a gentle decrease in conductivity with 
increasing concentration, with no evidence of a “critical”? concentration 
by this measurement. This conductometric behavior appears to be 
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TABLE II 
Equivalent Conductivities of Some Anion-Active Colloidal Electrolytes 
A. Unsaturates 
SSS SS ee eee eee 


Sodium linoleate Sodium linolenate Sodium ricinoleate 

ic A c A c A 
0.305 25.8 0.440 30.8 0.152 36.4 
0.112 23.2 0.123 27.4 0.0604 39.4 
0.0608 23.5 0.0466 28.6 0.0304 44.0 
0.0304 24.9 0.0174 35.9 0.00608 54.7 
0.0111 31.4 0.00841 48.3 
0.00605 44.3 0.00438 59.4 
0.00380 44.7 0.00436 61.1 
0.00303 54.2 

B. Laurates 


Benzyl trimethyl- 


Sekai laurie Morpholine laurate 


C] A c A 
0.339 21.3 0.502 20.6 
0.169 25.2 0.340 21.6 
0.0836 28.5 0.170 22.1 
0.0415 34.2 
0.0175 46.5 
0.00838 56.8 
0.00431 59.9 
0.00175 64.9 


C. Polycyclics 


Monobutyl biphenyl sodium Monobutyl phenylphenol 

monosulfonate sodium monosulfonate 
C A c A 
0.501 56.1 0.499 52.4 
0.339 61.2 0.251 61.6 
0.170 68.4 0.101 70.6 
0.101 73.4 0.0497 56.7 
0.0499 79.4 0.0250 82.6 
0.0338 82.5 | 0.0100 89.8 
0.0170 89.3 0.00495 93.7 
0.0101 93.5 0.000996 99.6 
0.00497 99.0 0.000399 102.4 
0.00135 104.6 


0.000401 108.6 
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typical for polycyclic structures, which apparently form only small 
aggregates, judging from freezing point measurements. Similar con- 
ductivity curves without a break have been reported for sodium des- 
oxycholate (3) and sodium abietate (6, 7), both of which are shown by 
freezing point data to be typical colloidal electrolytes with well marked 
critical concentration. = 

The conductance data afford a direct comparison between the critical 
concentrations of benzyl trimethylammonium laurate and potassium 
laurate. From the curves in Fig. 2 it can be seen that the critical con- 
centration for the benzyl trimethyl] derivative is about 0.01 N, less than 
half of that for the potassium salt (0.024 N). 
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Fig. 2, Equivalent conductivity vs. square root of molarity 
for some anion-active colloidal electrolytes. 


Cation-Active Colloidal Electrolytes 


Freezing point results for 3 cation-active materials are given in Table 
ITT in terms of the molality, m, the freezing point depression, 6, and the 
osmotic coefficient, g. 

The critical concentrations of all these salts are far too low to be 
investigated by the present freezing point method. However, the com- 
pounds do not hydrolyze, and thus are especially amenable to investiga- 
tion by conductivity. The equivalent conductivities of the compounds 
listed in Table III are given in Table IV and plotted against the square 
root of the concentration in Fig. 3. Two additional cation-active agents, 
cetyl benzyl dimethylammonium chloride and cetyl trimethylammonium 
bromide, are also included in Fig. 3. These latter are too insoluble at 0°C. 
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TABLE III 


Freezing Point Results for Some Cation-Active Detergents 
_0—=—_—_—_0—$>$_—O0n0DaoOaO0mMm@90M$—$0$RSBAS ee =x «£{_ E___ _ 


Substance m ) g 

Lauryl pyridinium chloride 0.050 0.070 0.355 
0.100 0.115 0.311 
0.200 0.213 0.287 

Lauryl benzyl dimethyl am- 0.0316 0.033 0.28 
monium chloride 0.0638 0.049 0.204 
0.168 0.102 0.163 
0.358 0.200 0.150 
Myristyl trimethylammonium 0.050 0.033 0.181 
chloride 0.100 0.056 0.152 
0.200 0.102 0.137 


for freezing point determination to be practical. The conductivity curves 
for the 3 chlorides for which freezing measurements are given in Table 
III fall in the same order as the osmotic coefficients. 

It is evident from Fig. 3 that measurements have been made at a 
sufficient dilution to show the critical concentration. in the cases of lauryl 
pyridinium chloride, lauryl benzyl dimethylammonium chloride, and 
myristyl trimethylammonium chloride. One point for cetyl trimethyl- 
ammonium bromide appears to be below the critical concentration, but 
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Fig. 3. Equivalent conductivity vs. square root of molarity 
for some cation-active colloidal electrolytes at 25°C. 
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this cannot be considered established from the present data. The critical 
concentration for cetyl benzyl dimethylammonium chloride is definitely 
at or below the most dilute solution measured (1 X 10-4 N). Because of 


TABLE IV 
Equivalent Conductivities of Some Cation-Active Colloidal Electrolytes 


SS eS .——owo 


Lauryl benzyl dimethylammonium chloride 


c A c A 
0.317 38.8 0.00619 79.2 
0.159 40.8 0.00315 89.6 
0.126 41.6 0.00126 96.4 
0.0948 42.5 0.000617 96.4 
0.0622 44.5 0.000493 96.1 
0.0316 50.3 0.000248 95.7 
0.0158 60.4 

Laury] pyridinium chloride Myristyl trimethylammonium chloride 

c E A ce A 
0.10 52.2 0.20 32.3 
0.010 86.0 0.10 34.7 
0.004 96.4 0.050 35.8 
0.0010 101.0 0.010 56.6 
0.00040 101.8 0.0040 76.5 
0.00010 101.9 0.0010 88.5 

0.00040 89.5 
0.00010 92.8 
Cetyl benzyl dimethylammonium chloride Cetyl trimethylammonium bromide 

c A c | A 
0.20 28.1 0.01 28.5 
0.10 Qe 0.0040 36.7 
0.050 28.6 0.0010 67.4 
0.010 38.1 0.00040 89.1 
0.0040 46.1 0.00010 94.3 
0.0010 67.0 
0.00040 84.3 
0.00010 95.0 


the spacing of the points in Fig. 3, the break in the conductivity curve 
can be fixed only within rather wide limits from this type of plot. A plot 
of specific conductivities against concentration of these materials, how- 
ever, gives two intersecting straight lines (8). This intersection serves as 
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TABLE V 
Critical Concentrations of Some Cation-Active Agents as Determined by Conductivity 
Substance Crit. conc. 

Lauryl pyridinium chloride 0.0028 

Lauryl benzyl dimethylammonium chloride 0.0023 

Myristyl trimethylammonium chloride 0.0030 

Cetyl benzyl dimethylammonium chloride <1 X 10 

Cetyl trimethylammonium chloride 1-4 X 1074 (?) 


a useful definition of the critical concentration as determined by con- 
ductivity. The concentrations so obtained are listed in Table V. 


Potassium Laurate plus Sucrose 


Previous workers have shown that, upon the addition of simple 
electrolytes to colloidal electrolytes with the same counter ions, the change 
in conductivity and freezing point is nearly the same as that occurring in 
pure water, if the colloidal electrolyte is at a concentration sufficient for 
colloid to have fully formed (1, 2). In dilute regions, the addition of such 
an electrolyte tends to decrease the critical concentration, probably 
through common ion effect (9, 10). No data are extant, however, on the 
influence of the addition of non-electrolytes, except in solvent quantities. 
Fig. 4 and Table VI give the results of freezing point measurements on 
solutions of sucrose, potassium laurate, and mixtures of the two solutes, 
in terms of the osmotic coefficient, g. The curves marked “‘ideal” in the 
figure are calculated on the basis that the freezing point depressions are 
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Fig. 4. Osmotic coefficients of mixtures of potassium laurate and sucrose. 
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merely additive, that is, that the two solutes are without influence upon 
each other. It may be seen that the observed osmotic curves are quite 
close to the ideal curves, indicating that there is but little interaction 
between the two solutes. The equivalent conductivities of potassium 
laurate plus sucrose are also given in Table VI, and in Fig. 5 these are 
compared with those for potassium laurate alone. Here the sucrose has a 
pronounced effect in lowering the equivalent conductivity, but it appears 
that the effect can be largely attributed to the increased viscosity of the 
solution, since the points obtained by multiplying the potassium laurate 
plus sucrose curve (mole ratio 1:1) by its viscosity relative to potassium 
laurate alone fall very nearly on the potassium laurate curve. 


TABLE VI 


Osmotic Coefficients and Equivalent Conductivities of 
Miztures of Potassium Laurate and Sucrose 


A. Mole ratio KL:S = 1:1 


Osmotic coefficient Conductivity 


ML g CKL A 
1.039 0.50 0.248 34.0 
0.279 0.447 0.101 43.9 
0.104 0.579 0.0497 54.3 
0.0596 0.700 0.00998 89:2 
0.0101 1.02 

B. Mole ratio KL:S = 1:2 
Osmotic coefficient Conductivity 

MEL g CKL A 
0.368 0.565 0.295 21.0 
0.232 0.618 0.200 27.1 
0.0961 0.677 0.0886 38.3 
0.0413 0.887 0.0400 56.9 


Potassium Laurate plus Dimethyl Phthalate 


Dimethyl phthalate is an interesting substance in that, although it is 
virtually insoluble in both water and oil, it is appreciably solubilized by 
soap solutions (11). In Table VII the osmotic coefficients and equivalent 
conductivities of several solutions of potassium laurate are compared with 
those of the same solutions saturated with dimethyl phthalate. The 
osmotic coefficients with the phthalate present are similar to, but about 
10% higher than, those in which it is absent. The phthalate has an even 
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Fia. 5. Conductivity curves at 25°C. 


more pronounced effect on the equivalent conductivity. In more dilute 
solutions the conductivity of the potassium laurate containing the 
solubilized oil has a considerably higher conductivity than the pure 


TABLE VII 


Comparison of Osmotic Coefficients and Equivalent Conductivity of Solution of 
Potassium Laurate with and without Solubilized Dimethyl Phthalate 


g A 
Conc., molar 
KL KL + DMP KL KL + DMP 
0.100 0.400 0.434 48.0 53.0 
0.250 0.205 0.210 45.6 50.4 
0.500 == = 47.4 47.7 
0.739 =S = 52.5 46.2 
0.999 0.151 0.172 50 42.9 
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colloidal electrolyte; as the concentration is increased, the difference grows 
smaller, until at about 0.4 N it disappears. Thereafter the solution con- 
taining dimethyl phthalate is less conducting. This latter effect could, at 
least in part, arise from the greatly increased viscosity that accompanies 
the solubilization at higher concentrations. 


SUMMARY 


1. The osmotic coefficients of aqueous solutions of 10 different anionic 
and cationic colloidal electrolytes have been measured by freezing point 
depression, now bringing the total number of those investigated to 64. 
Conductivities were also measured for these and two other. materials too 
insoluble at 0°C. for freezing point determinations. 

2. The relative lowering of conductivity with increasing concentration 
is less than that of osmotic coefficient. In the case of polycyclic structures, 
such as a bile salt or sodium abietate, the latter measurement shows the 
presence of colloid with a critical concentration, whereas this does not 
appear in the conductivity curve. 

3. Addition of dimethyl phthalate, a substance insoluble in oil and 
water but solubilized by soap solutions, appears slightly to decrease 
colloid formation as reflected in osmotic coefficient and equivalent 
conductivity. 

4. The colloidal behavior of the laurate of several complex organic 
bases has been compared with that of potassium laurate. 

5. An ordinary molecule, sucrose, lowers the freezing point of water 
to the same extent as it lowers the freezing point of a solution of the 
colloidal electrolyte, potassium laurate. 
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LIBERATION OF Ht, Al+++ AND Fe+++ IONS FROM PURE CLAY 
MINERALS ON REPEATED SALT TREATMENT 
AND DESATURATIONS ! 


J. N. Mukherjee, B. Chatterjee? and A. Ray 
From the Physical Chemistry and Colloid Research Laboratories, University 
College of Science and Technology, Calcutta, India 
Recewed May 5, 1948 


The liberation of H*, Al*+*+, and Fet++ ions from hydrogen clays 
prepared from Indian soils under repeated neutral salt treatment and 
desaturations has been dealt with in previous publications (1-3) from this 
laboratory. It has been observed that hydrogen clays prepared from soils 
containing different clay minerals show different behaviors under above 
treatments. The present investigation aims at studying the behaviors 
of pure minerals under repeated salt treatment and desaturations. For 
this purpose, estimations have been made of the amounts of (i) Alt+++ 
and Fe++* ions and (ii) the acid displaced from hydrogen systems, pre- 
pared from the clay fractions isolated from a kaolinite, a bentonite,’ and 
a pyrophyllite, after successive leaching with normal solution of barium 
chloride till no H+, Al+*++, or Fe+++ ions could be detected in the leachate. 
The Ba-system, 7.e., the residue obtained after continued leaching with 
N BaCh, was converted into H-clay by treating with 0.02 N HCl followed 
by washing with distilled water, repeatedly leached with N BaCl, and 
each leachate analyzed as in the previous case. The amount of dissolved 
silicic acid in the neutral salt extract has also been estimated. The 
sequence of operations described above has been repeated 8 times with 
the hydrogen kaolinite, 4 times with the hydrogen montmorillonite, and 
5 times with the hydrogen pyrophyllite. The base exchange capacity, 
calculated at the final inflection point, in the titration curves of the hy- 
drogen systems with NaOH has been determined before and after the 
whole series of treatments. 

1 The work has been carried out under the “Scheme of Research into the Properties 
of Colloid Soil Constituents” financed by the Imperial Council of Agricultural Research, 
India. 

2 Senior Assistant Soil Chemist under the Scheme. 

3 X-ray analysis (5) of the clay fraction from the bentonite shows that it is prac- 
tically pure montmorillonite. The hydrogen system prepared from the subfraction of the 
entire clay fraction of this bentonite has, therefore, been referred to as hydrogen mont- 
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EXPERIMENTAL 


Preparation of Subfraction. A fine subfraction (<0.05 ») was prepared 
from the entire clay fraction isolated from a bentonite by controlled 
centrifugal subsidence following the method of Baver and Whitt (4) with 
the aid of a Sharples supercentrifuge. The depth of sampling and the rate 
of revolution were kept constant and only the quantity of effluent per 
min. was varied. 

Preparation of Hydrogen Systems. The clay fractions isolated from 
the kaolinite and pyrophyllite, as also the subfraction of montmorillonite, 
were repeatedly leached with 0.02 N HCl to replace all the exchangeable 
cations by Ht ions. The excess acid was removed by repeated washing 
with distilled water until the filtrate gave no test for chloride. The 
hydrogen system thus obtained was dispersed in redistilled water. 

Estimation of Displaced (Exchange) Acidity. The acid in the neutral 
salt extract was estimated by potentiometric titration against 0.01 NV 
Ba(OH), using Tinsley Vernier Potentiometer (Type 3126) reading up 
to 0.01 mv. and a Hartman Braun galvanometer with a critical damping 
resistance of 22 X 10‘ ohms and having a. current sensitivity of 4.2 * 10-4 
amp. The hydrogen electrode was employed in conjunction with the satu- 
rated calomel half cell for the e.m.f. measurements. 

Estimation of Aluminum in the Salt Extract. Berg’s method (6) was 
used for this purpose. The clear neutral salt extract (10 cc.)* was treated 
with 12 cc. of 1N H,SO, and warmed. The precipitated BaSO, was 
filtered and washed with distilled water and then thrice with 10 ce. por- 
tions of 0.05 N NaOH. The filtrate, together with the washings, was 
concentrated by evaporation, 8 cc. of 2 N caustic soda solution added, 
and boiled. Aluminum remained in solution as sodium aluminate and 
iron was precipitated as hydroxide. The precipitated ferric hydroxide 
(only traces in the majority of cases) was filtered and washed with hot 
distilled water. The filtrate, together with the washings, was concen- 
trated and made slightly acid with acetic acid. Three g. of sodium 
acetate were added, heated gently to 45°C., and the aluminum precipi- 
tated by adding a solution of 8-hydroxyquinoline weakly acidified with 
acetic acid. After standing overnight, the precipitate was washed free 
from excess reagent with hot water, using a micro filter stick. A sufficient 
quantity of 2 N HCl and a little ethyl alcohol were added to dissolve the 
precipitate. An excess of standard solution of potassium bromate-bromide 
was added and then back titrated with a standard sodium thiosulphate 
solution. The amount of Al was calculated from the number of ce’s. of 

‘In the case of leachates containing small amount of Al+++ ions, larger volumes, 


varying from 20 to 50 cc., were taken. Further, the sulphuric acid and caustic soda 
treatments were omitted if the leachate did not contain Fet++ ions. 
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N/10 bromate-bromide mixture used up according to the following 
equation: 


1 cc. N/10 (KBrO; + KBr) = 0.2248 mg. of Al. 


Control experiments with known amounts of aluminum indicate that 
(i) the data presented in this paper are accurate within 2%, and (ii) 
aluminum can be precipitated directly in the salt extract, 7.e., in presence 
of barium chloride, if the latter does not contain iron. The salt extract 
is neutralized with NH,OH and then made slightly acid with acetic acid. 
The rest of the procedure is the same as described above. 

Estimation of Iron. To 10 cc. of the clear salt extract, a few drops of 
nitric acid and 2 cc. of 2 N ammonium thiocyanate solution were added 
and shaken until the red color attained its maximum intensity. It was 
matched against that produced in 10 cc. of a standard iron solution 
containing the same amounts of nitric acid and ammonium thiocyanate 
as the unknown. The strength of the standard iron solution was varied 
until the intensity of the color developed in both the standard and the 
unknown solution was the same. A Lovibond tintometer was used for 
this purpose. 

Estimation of Dissolved Silicic Acid in the Neutral Salt Extract. Two 
ce. of a 10% solution of ammonium molybdate and 8 drops of hydro- 
chloric acid were added to 50 cc. of the clear BaCl, extract. The yellow 
color developed was matched after 10 mins. against that produced in 
50 ce. of a standard sodium silicate solution containing the same amounts 
of ammonium molybdate and hydrochloric acid. A Hellige colorimeter 
was used for these measurements. 

Particulars of the minerals used in this work are given below: 


Reference Average 
Description of Mineral number of equivalent 
sample present$ corresponding spherical 
H-system diameter (x) 
Bentonite from Kashmir (India) Montmorillonite K-B; <0.05 
Kaolin from Singbhum (India) Kaolin H-K <2.0 
Pyrophyllite (supplied by Ward’s 
Natural Science Co. Ltd., 
U.S.A.) Pyrophyllite H-P <2.0 


5 Judged by X-ray analysis (5). 


RESULTS AND DISCUSSION 


The Total Amount of Acid Displaced from Hydrogen Systems on 
Repeated Leaching with Salt Solutions 


Definite weights (about 3 g.) of K-B;, H-K, and H-P were repeatedly 
leached with 100 cc. portions of NV BaCl, solution until the leachate gave 
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practically no acidity when titrated with Ba(OH)s. The Ba-system thus 
obtained was reconverted into H-system (vede p. 1), then repeatedly 
leached with N BaCh, and the acidity of the clear salt extract estimated 
in each leachate. The whole sequence of operations was repeated 4 times 
with K-B;, 8 times with H-K, and 5 times with H-P. The results have 
been shown in Table I. 
TABLE I , 
The Amount of Acid Displaced from K-B;, H-K, and H-P on Repeated 
Leaching with N BaCl, and Desaturations 


De ——————————————eee 
Acidity in the leachates, expressed in milliequivalents/100 g. of H-system 


Serial i 
System Cro Serial no. of leachings with N BaCle SO 


THR GLODISY | has se ee Cee 
Ist 2nd 3rd 4th 5th 6th 7th 8th 


K-B; Ist 104.0 | 29.0 6.5 2.1 11 1.0 0.5 nil | 144.2 


and | 61.0 | 7.0 | 20 | 1.7 | nil | — | — | — | LI 
3rd_ | 52.5 |10.5 | 25 | 12 | 09 | nil | — | — | 67.6 
4th | 387.0 | 6.0 | 23 | 06] nil} — | — | — | 459 
H-K | Ist 3.50| 0.5 | nil | — 4.00 
Qnd’ | 3.20} 0.2: |) 3.40 
3rd 2.35) frill (eae 2s 2.35 
4th Puiglae vik eae 2.15 
5th Pay Ree eli ees 2.15 
6th 1-25 (emma ee eee 1.25 
7th 1.2077 aks | es 1.20 
Sth A} VS) I a ee . 1.20 
H-P | Ist 5.30| 0.90] nil | — 6.20 
2nd 1.80] 0.40} — 2.20 
3rd 1:25 (9 oh) 1.25 
4th 1.25;|- nil |e — 1.25 
5th 126.) nal fy 1.25 


With successive desaturations the total amount of displaced acid 
decreases with the progress of leaching, regularly in the case of K-Bs, 
but attains a constant value with H-K and H-P. These results are in 
agreement with those previously reported (2-3) for hydrogen clays having, 
respectively, montmorillonite and kaolinite as their major clay mineral. 


The Total Amounts of Al+++ and Fe+++ Ions Displaced from Hydrogen 
Clays on Repeated Leaching with Solutions of Neutral Salts 


Al*++, as also Fet++, ions are present on the surface of hydrogen 
clays. These are exchanged for the Bat+ ions of added BaCl, and con- 
tribute to the acidity of the supernatant liquid above the H-clay-BaCl, 
mixtures. Estimations were, therefore, made of the amounts of Al+++ 
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and Fe+++ ions displaced from K-B;, H-K, and H-P in each of the 
successive leachings with N BaCl, until no Alt+++ or Fe+++ ions could be 
detected in the leachate, and also after repeated reconversion of the Ba- 
system into H-system, each time followed by leaching with N BaCl, as 
in the previous case. The results have been reported in Table II. 

The amounts of Al+++ ions displaced on the addition of BaCl, de- 
creases with the progress of leaching until practically no Alt+++ ions 
could be detected in the leachate, indicating that there is a limit to the 
amount of Al+*+ ions which can be displaced by repeated leaching of 


TABLE II 


The Amounts of Al***+ and Fet+** Ions Displaced from K-B;, H-K, and H-P on 
Repeated Leaching with N BaCl and Desaturations 


‘ : Displaced Fet++ Total 
4 Displaced Al*++* in leachates, aciileachates 
\ Beal milliequivalents/100 g. milliequivalante/i00 ge | ann 
System desatu- plus Fe+++ 
rations displaced 


1st 2nd 3rd 4th | Total 1st 2nd | Total | me./100 g. 


K-B; Ist 39.8 | 14.3 | 2.0 | nil | 56.1 Lesh aia 1.8 57.9 


2nd 13.3 5.6 | 0.2 — |19.1 1.5 nil 15 20.6 
3rd 3.0 WAC nil — 4.7 nil — nil 4.7 
4th 1.5 nil — — 15 nil — nil is 
H-K Ist 2.6 nil — — 2.6 nil — nil 2.6 
2nd 2.0 nil — — 2.0 nil a nil 2.0 
3rd 2.9 nil — —_— 2.0 nil — nil 2.0 
4th 0.7 nil — — 0.7 nil — nil 0.7 
5th 0.8 nil wae -- 0.8 nil — nil 0.8 
6th 0.2 nil — — 0.2 nil — nil 0.2 
7th 0.02] nil —_— — 0.02} nil — nil 0.02 
8th nil nil nil — nil nil 
H-P 1st 2.9 0.05] nil — 2.95] nil —_ —_— 2.95 
2nd 0.08] nil = — 0.08} nil — — 0.08 
3rd 0.08 | nil — —_ 0.08; nil — — 0.08 
Ath nil = _ — nil nil — — nil 
5th nil — — — nil nil —_— —_ nil 


the hydrogen minerals with BaCl, solution. The amount of Al+*+ ions 
thus liberated does not correspond with the total amount of exchangeable 
Al+++ ions present. Al+++ ions are again displaced when the Ba-minerals 
are rendered desaturated by repeated leaching with 0.02 N HCl, followed 
by washing with distilled water, and then treated with N BaCh. The 
total amount of Al+++ ions displaced by BaCl, greatly decreases after 
the first desaturation in the case of K-B; and H-P. This decrease is, 
however, not so pronounced with H-K. K-Bs, which is pure mont- 
morillonite, judged from X-ray studies (5), shows a gradual decrease in 
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the total amount of Al+++ ions displaced within the range of desatura- 
tions studied. In the case of H-K this amount decreases tending to a 
constant value in the fifth desaturation, but on further desaturations, 
each time followed by repeated leaching with N BaCh, it decreases and 
assumes an almost negligible value in the eighth desaturation. With 
H-P the amount of displaced Al+++ ions decreases to an almost negligible 
value with progressive desaturations. The total amounts of Al++* ions 
displaced from the above systems are in the order: K-B; > H-K > H-P. 

Appreciable amounts of Fet++ ions are displaced from H-mont- 
morillonite, but its amount decreases with successive leaching, and the 
BaCl, extract in the third desaturation does not seem to contain any 
Fet++ ions. Fet+t++ ions could not be detected in the BaCl, leachate of 
H-K and H-P. 

The results obtained with H-montmorillonite and H-kaolinite on the 
liberation of Al+++ and Fet++ ions by BaCk are in fair agreement with 
those previously obtained (2,3) with montmorillonitic and kaolinitic 
hydrogen clays. 


The Variations in the Ratio of Displaced H+ Ions to Al*++ Plus 
Fet+++ Ions on Successive Desaturations 


A comparison of the data reported in Tables I and II indicates that 
the total amount of neutralizable acids displaced from K-B;, H-K and 
H-P cannot be wholly accounted for by the amounts of Alt++ plus Fet++ 
ions liberated in the same treatment. It appears, therefore, that H+ ions 
in addition to Alt+*+ and Fet+* ions are exchanged for the added Batt 
ions. The relation between the amounts of H+ ions and Al+++ plus Fet++ 
ions displaced on the addition of N BaCl, to the H-minerals are shown 
in Table III. 

The ratio of displaced H+ ions to Al+++ plus Fet++ ions regularly 
increases with successive desaturations in the case of H-montmorillonite 
and H-pyrophyllite. With H-K it shows an irregular variation, but on 
the whole increases with progressive desaturation. With H-K and H-P 
this ratio assumes infinite value in the eighth and fourth desaturations, 
respectively. 

Displaced H+ ions decrease with successive desaturations with H- 
montmorillonite. The amount of H+ ions displaced in the second desatu- 
ration steps out of this regular variation. In the case of H-kaolinite 
displaced H+ ions remain practically constant up to the fifth desaturation 
and then slightly decreases, tending to a constant value. An exception 
is observed in the third desaturation. With H-pyrophyllite it regularly 
decreases tending to a constant value. 
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Data cited in Table III show that H+ ions constitute the major frac- 
tion of the exchangeable ions present in H-montmorillonite. With H- 
kaolinite, Alt*+* ions form the major portion of the exchangeable ions 
up to the third desaturation, but thereafter H+ ions constitute the main 


TABLE III 
Relation Between the Amounts of Displaced H+ Ions and Al+++ Plus Fet+++ Ions 


Total 


. Total Total ++ 
System pee amount ofan amount | plus 
desaturations displaced= ene uk ‘ pes displaced Fett+ 
K-B; Ist 144.2 57.9 86.3 1.5 
2nd keri 20.6 51.1 2.5 
3rd 67.6 4.7 62.9 13.4 
4th 45.9 1.5 44.4 29.6 
H-K Ist 4.0 2.6 1.4 0.5 
2nd 3.4 2.0 1.4 0.7 
3rd 2.35 2.0 0.35 0.2 
4th 2.15 0.7 1.45 2.1 
5th 2.15 0.8 1.35 Wer 
6th 1.25 0.2 1.05 5.2 
7th 1.20 0.02 1.18 59.0 
8th 1.20 nil 1.20 
H-P Ist 6.2 2.95 3.25 aE 
2nd 2.2 0.08 2.12 2.6 
3rd 1.25 0.08 lal Yes 14.6 
4th 1.25 nil \ 1.25 
5th 1.25 nil 1.25 


@ Expressed in milliequivalents/100 g. of H-system. 


fraction. In the first desaturation Al***+ ions constitute about half of the 
exchangeable ions present in H-pyrophyllite, but from the second de- 
saturation and thereafter H+ ions form the major fraction. 


The Effect of Repeated Treatment with Neutral Salts and Desaturations 
on the Base Exchange Capacity 


The base exchange capacities (b.e.c.) of K-B;, H-K, and H-P have 
been calculated from the final inflection point in the titration curves 
with NaOH before and after several desaturations. The data have been 
presented in Table IV. 

The base exchange capacity of K-B; diminishes markedly on leaching 
with BaCl, solution and desaturations, indicating a decomposition of the 
absorption complex. The b.e.c. of H-K remains practically unaltered 
under similar conditions. H-pyrophyllite also undergoes an appreciable 
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TABLE IV 


Variations in the b.e.c. of H-Minerals on Repeated Neutral Salt 
Treatment and Desaturations 


Base exchange capacity, Reduction in 
System milliequivalents/100 g. b.e.c. 
per cent 

K-B; (original) 104.0 
K-B; (after one 

desaturation) 68.0 34.0 
K-B; (after two 

desaturations) 56.0 45.6 
K-B; (after four 

desaturations) 30.0 70.8 
H-K (original) 8.0 
H-K (after eight 

desaturations) 8.1 nil 
H-P (original) 10.6 
H-P (after five 

desaturations) i 29.2 


decomposition as shown by the reduction in its b.e.c. The results obtained 
with K-B; and H-K are thus in agreement with those previously obtained 
(1-3) with montmorillonitic and kaolinitic clays. X-ray studies with 
“original” as well as ‘“‘salt treated and desaturated” K-B; and H-K lead 
to the same conclusion. X-ray diagram of the ‘‘treated’’ H-P also suggests 
a slight decomposition of the absorption complex. 

It will appear, therefore, that neutral salt treatments and desatura- 
tions bring about a decomposition of the absorption complex in the case 
of H-montmorillonite and H-pyrophyllite, but H-kaolinite is quite stable 
under similar conditions. It now becomes important to see whether dis- 
solved silicic acid is present in the neutral salt extract. The results 
obtained with K-B;, H-P, and H-K are recorded in Table V. 

In the case of K-B;, the absorption complex of which suffers the 
greatest decomposition under neutral salt treatments and desaturations, 


TABLE V 


Estimation of Dissolved Silicic Acid in the Neutral Salt Extracts 
(Data expressed in mg. of SiO2/100 g. colloid) 


First desaturation Second desaturation Third de- 
saturation 
System {————___—— 
Ist 2nd 3rd ist 2nd 3rd Ist 
leach leach leach leach leach leach leach 
K-B; 47.5 222 nil 9.6 3.9 nil nil 
H-P 2.0 2 nil nil — a 35 
H-K nil — 


= nil — oi pay 
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the leachates contain quite an appreciable amount of dissolved silicic acid. 
After the second desaturation and after the second leachate no silicic acid 
could be detected in the neutral salt extract. A small amount of silicic 
acid is obtained in the BaCl, leach of H-P in the first desaturation. The 
salt extracts of H-K, which suffers no decomposition under similar con- 
ditions, contain no dissolved silicic acid. 

The differences in the behavior of H-montmorillonite, H-pyrophyllite, 
and H-kaolinite recorded in this paper may be attributed, at least in 
part, to the differences in lattice structure of these minerals. This point 
will be dealt with by Dr. 8. N. Bagchi in another publication. 
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THE SITE OF REACTICN IN DIRECT PHOTOGRAPHIC 
DEVELOPMENT. II.! KINETICS OF DEVELOP- 
MENT INITIATED BY GOLD NUCLEI 


T. H. James 


Communication No. 1196 from the.Kodak Research Laboratories, Rochester, N. Y. 
Received May 27, 1948 


A brief bathing treatment of certain exposed, positive-type photo- 
graphic emulsions in an aurous thiocyanate solution will substantially 
increase the rate of subsequent direct development and the emulsion 
speed obtained for moderate development (1). The silver of the latent 
image probably is replaced, at least in part, by gold during the treatment. 
Such a replacement occurs rapidly when colloidal silver is added to the 
aurous thiocyanate solution. Moreover, the latent image of the gold- 
treated emulsion is much more resistant than the normal image to the 
action of certain oxidizing agents, indicating that the silver has been 
replaced by gold, or at least plated over by gold. However, the action of 
the gold definitely does not stop at a simple replacement. If the photo- 
graphic material is allowed to remain in the gold solution for a prolonged 
period, a visible gold image appears. This image shows a progressive 
increase in optical density with increase in exposure and constitutes a 
“physical development”’ of the latent-image specks by the gold of the 
thiocyanate solution. Similar ‘“development’’ was observed by Homolka 
(2), and subsequently by Sheppard and Mees (3), when they bathed 
exposed photographic plates in an auric chloride solution. 

The image obtained by prolonged treatment of the exposed material 
in the aurous thiocyanate solution is composed of roughly spherical gold 
particles. This is shown by electron micrographs prepared by A. L. 
Schoen, of these Laboratories. Fig. la reproduces an electron micrograph 
of gold particles obtained by bathing an exposed emulsion for 64 hrs. 
at 20°C. in a solution prepared by heating to boiling 40 cc. of 0.1% 
potassium chloraurate with 0.50 g. of KCNS, adding 0.60 g. of KBr, and 
diluting the whole to 1 liter. The silver halide was removed before the 
electron micrograph was made. Fig. 1b shows an electron micrograph of 
an unfixed silver halide grain taken from the image area. A portion of 
the grain has been printed out by the action of the electron beam, but 


1 James, T. H., Part I, J. Chem. Phys. 14, 536 (1946). 
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the presence of gold particles is readily seen, both in the area which has 
printed out and in that which has not. 

The gold particles appear to have grown out from the grain surface 
and to be in contact with the grain surface at only a relatively small area. 
They differ from the protrusions of print-out silver often observed under 
the electron microscope in that the latter have thick bases at the grain 
surface and, indeed, have the general appearance of warts with a larger 
diameter at the base than at any other part. The prolonged gold treat- 
ment thus supplies a method whereby the latent-image nuclei can be 
built up to far larger than their normal size, but with most of the nuclei 
material situated well beyond the confines of the silver halide grain 
surface. 


(a) (b) 


Fia. la. Electron micrograph of gold particles. 1b. Electron micrograph of gold particles 
associated with original silver halide grain. Magnification, 12,500 (Schoen). 


The electron micrographs of the gold particles which developed in 
64 hrs. indicate a particle size of from 20 to 80 mu radius. This corre- 
sponds to a range of from 1.95 X 10® to 1.25 X 10® gold atoms per 
particle and a range of 5 to 80 X 10* my? surface per particle. Direct 
analysis for gold in the area of highest exposure used in this investigation 
gave a value of 0.0023 g./100 cm.? film, or approximately 2 X 108 atoms 
of gold per silver halide grain.? Accordingly, it appears that several gold 
particles on the average are associated with each grain. 

Gold analyses were made on film which had remained 18 hrs. and 
42 hrs. in the gold solution. The values obtained were 0.00012 and 0.00093 
g./100 cm.?, respectively. These figures suggest that the formation of the 
gold is autocatalytic in nature. However, speculation on the nature of 


the reaction by which the gold is formed will be reserved until more data 
are available. 


* The analysis was carried out by A. Moyse and A. E. Ballard, using the colorimetric 
method of Sandell [Anal. Chem. 20, 253 (1948)]. The film samples were washed in 
repeated changes of 10% Na2S.03-5H20 solution at pH 5.2 to éliminate ionic gold. 
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The present interest lies in the effect of the gold particles upon the 
kinetics of development by the usual photographic developing agents. 
Results have been obtained which have a bearing on the mechanism of 
the development process, particularly in reference to the “electrode” and 
““triple-interface’”’ mechanisms (4). 


THE InpuctTIon PERIOD 


The effect of the gold treatment on the induction period of develop- 
ment was investigated, using a simple motion-picture positive-type film 
and developers which show normally a considerable induction period, 
z.e., hydroquinone and p-hydroxyphenylglycine solutions. The gold solu- 
tion was prepared as already described. The film was bathed in the 
. solution for the desired time, then washed in running water, and dried 
before subsequent development. The hydroquinone developer used in the 
first series of experiments contained no sulfite and was prepared and 
used in the absence of oxygen (5). The pH was adjusted to 8.72 with a 


(0) 20 40 60 80 100 120 
Time of Development 


Fig. 2. Effect of duration of gold treatment on development in a sulfite-free hydro- 
quinone solution at pH 8.72. Log # = 1.75; temperature = 20°C. Curve 1 = no gold 
treatment; Curve 2 = 10 mins’. treatment; Curve 3 = 4 hrs’. treatment; Curve 4 = 16 
hrs’. treatment; Curve 5 = 64 hrs’. treatment; Curve 6 = no gold treatment, lauryl 
pyridinium p-toluenesulfonate added to developer. 
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borax-boric acid buffer, and the solution contained 0.60 g. of KBr/l. 
All operations were carried out at 20°C. 

Fig. 2 shows density-time of development curves for a constant ex- 
posure and different times of gold treatment. The exposure chosen was 
in the region where previous experiments had indicated that the majority 
of the exposed grains are following roughly the same course of develop- 
ment, and, hence, the induction period of the density-time of development 
curve for the entire grain ensemble can be taken as a fair measure of the 


TABLE I 
Effect of Time of Gold Treatment on the Rate of Development 


Developer ance vel ti innate) R ris 
I. Hydroquinone 0 0.015 0.087 0.171 
(no sulfite) 10 min. .021 .100 .208 
4 br. .024 .103 241 
16 hr. .026 115 .229 
64 hr. .050 .150 333 

Pyridinium compd. added 0 .667 160 4.17 
II. Hydroquinone with sulfite 0 0.50 0.80 0.625 
10 min 61 94 641 

16 hr. 1.49 1.06 1.41 

Pyridinium compd. added 0 5.88 1.34 4.35 
III. p-Hydroxyphenylglycine 0 0.282 0.65 0.433 
10 min 392 80 490 
1 hr, 476 90 529 
4 hr 645 1.06 610 
16 hr. 714 1.36 526 
64 hr. ieaht 1.59 699 

Pyridinium compd. added 0 4.00 0.80 5.00 


induction period of the typical individual grain (6). It is seen that the 
gold treatment decreases the induction period but does not eliminate it. 
This is in contrast to the action of the quaternary lauryl pyridinium salt. 
Lottermoser and Steudel (7) showed that the induction period in hydro- 
quinone and p-hydroxyphenylglycine development was practically elimi- 
nated by bathing the exposed film in a solution of this compound before 
introducing the film into the déveloper. Under the conditions of the 
present experiments, addition of 0.3 g. of lauryl pyridinium :p-toluene- 
sulfonate to the developing solution eliminates the induction period 
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completely while producing only a relatively small increase in the rate 
of development beyond the induction period. Curve 6 of Fig. 2 illustrates 
the action of this agent. 

Table I gives some data derived from the curves of Fig. 2, together 
with similar data for two other developers, a sulfite-free p-hydroxy- 
phenylglycine solution of pH 10.45 containing 0.6 g. of KBr/l. and a 
sulfite-containing hydroquinone solution of pH 10.30 containing 1.2 g. of 
KBr/I. The reciprocal of the time, t, required to obtain a density of 0.20 
is taken as a measure of the rate of development in the induction period 
region. The slope, R, of the density-time curve at a density of 0.80, which 
corresponds to the maximum slope in most cases, is taken as a measure 
of the rate of development beyond the induction period region. The rate 
of development, both in the induction period region and beyond, increases 
with increasing time of gold treatment. The relative increase of the rate 
in the induction period is larger than that beyond the induction period 
region, but not greatly so. This is shown by the increase in the reciprocal 
of the product, Rt, which, however, amounts to only about 2-fold for the 
maximum time of gold treatment. On the other hand, addition of the 
pyridinium compound to the developer produces an increase of 8-fold 
to 25-fold. The pyridinium compound (0.3 g./l.) completely eliminated 
the induction period for each developer. 


DEPENDENCE OF RATE ON HyDROQUINONE CONCENTRATION 


The rate of development by hydroquinone varies as a fractional 
power of the hydroquinone concentration (4). This dependence suggests 
that the reactive hydroquinone is adsorbed at the silver-silver halide 
interface. The gold treatment should form a gold-silver halide interface. 
Accordingly, it was of interest to determine the dependence upon hydro- 
quinone concentration of the rate of development of the gold-treated 
material. 

Table II gives some results obtained with film which had been bathed 
in the gold solution for 10 mins. or 64 hrs., then developed in:a sulfite-free 
hydroquinone solution of pH 8.72. No bromide was added to the de- 
veloper. A log-log plot of rate against concentration yields straight lines 
for both 1/t and R rates. The slope of the 1/é plot was 0.61—0.63 for the 
gold-treated film, as compared with 0.60 for untreated film. The slope of 
the R plot was 0.50 for the gold-treated film, as compared with 0.53 for 
the untreated film. These variations between treated and untreated film 
are not considered significant, so that the data give no evidence that the 
gold treatment affects the relative dependence of rate upon concentration 
of the hydroquinone. 
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TABLE II 


Dependence of Rate of Development on Hydroquinone Concentration 


: Log HE = 1.75 Log E = 0.85 
Time of Au Hydroquinone 
treatment concentration o ys if 
None 0.0125 a= 0.090 0.038 0.058 
.0250 == 1380 .055 .082 
.0500 = .192 .089 123 
.1000 — .280 .122 .170 
.2000 = .397 .156 .270 
10 min. .00625 0.054 .077 .044 .055 
0125 O91 101 .O71 .087 
.0250 128 .155 .105 .104 
.0500 227 .201 167 167 
.1000 323 .240 .238 .193 
64 hr.* .00625 074 == .068 — 
.0125 pa ly ly ¢ — .105 — 
.0245 175 — .159 = 
.0500 .278 a .232 am 
.1000 .370 oe .323 = 


“Tn this series, the image developed by the gold treatment alone had densities of 
0.16 and 0.10, respectively, for the two exposures. The t values for the series were taken 
as 0.15 above the density of the gold image. 


Discussion 


The developers used in this investigation yield predominantly direct 
development. Physical development can be of no consequence with the 
two developers which were free from silver halide solvent and can be of 
little consequence with the third developer. The experimental results 
show clearly that the gold treatment increases the rate at which the film 
will undergo direct development. The increase, however, is not large, and 
this fact has some implications for the theory of development. 

There is no reason to believe at this stage that the gold particles 
formed by the gold treatment are not firmly attached to the latent-image 
centers of the grains. The formation of the particles is dependent upon 
exposure to light and, hence, upon the latent image. The gold particles, 
indeed, have grown as a “development” of the latent image (without, 
however, drawing upon the silver halide for development material). The 
electron micrographs show that the particles are situated at the grain 
surface. (The particles forming the halo around the grain, as shown in 
Fig. 1b, are not connected with the gold treatment and are often obtained 
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in electron micrographs of normal silver halide grains.) The rate of de- 
velopment of the gold-treated samples changes monotonically with 
changing time of gold treatment beyond the first few minutes, where 
replacement of silver by gold probably is occurring. Accordingly, the 
assumption that electrical contact is maintained between the bulk of the 
gold particle and the latent-image center (gold which has replaced silver 
plus any residual silver) appears justified. 

The bond holding the gold particles to the grain surface may be 
further strengthened by adsorption forces. Biltz (8) has observed that 
gold particles from a highly purified sol are adsorbed by silver bromide 
grains, provided the gelatin has been sufficiently destroyed by enzyme 
action. However, the gold is not adsorbed by grains which have not been 
treated to remove gelatin, and purified gold sols added to a normal emul- 
sion before coating do not induce fog on subsequent bathing in a devel- 
oper, z.e., do not induce development (8, 9). 

The present results on the effect of gold particles on the development 
rate are not in accord with Bagdasar’yan’s “electrode” mechanism of 
development (10), according to which the rate-determining process is the 
transfer of electrons from the developing agent to the latent-image 
centers. Bagdasar’yan deduces the rate equation: 


dAg/dt = k[Red][Br-]}-2S, 


in which Red is the developing agent, a is a constant smaller than unity, 
and S is the extent of interface between the development center and the 
solution, 7.e., the effective area of latent image or developed silver acces- 
sible to the developer. The required dependence of rate upon S is in 
satisfactory agreement with published data (11) on the rate of develop- 
ment of individual grains. However, from Bagdasar’yan’s derivation, it 
should not matter whether the latent-image speck grows by spread of 
the interface with the silver halide, as in development, or is built up in 
the manner accomplished by the gold treatment. The present results 
show that an increase in the duration of the gold treatment of from 
10 mins. to 64 hrs. results in an increase of only 3- to 4-fold in the rate of 
reaction in the induction period region. The corresponding change in the 
surface of the gold particles cannot be computed from the data at hand 
but is obviously much greater than the change in rate. The gold particles 
were too small to be detected directly even for one hour’s treatment in 
the gold solution. 

The data presented in this paper likewise are not in accord with any 
electrode mechanism which seeks to explain the induction period solely 
on the basis of electrostatic capacity or mere size of the latent-image 
centers. Increase in size of the gold particles results in a decrease of the 
induction period, but a definite induction period remains even after the 
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64-hr. gold treatment. On the other hand, the induction period of un- 
treated film is completely eliminated by the addition to the developer 
of lauryl pyridinium p-toluenesulfonate, which depresses the surface 
charge of the silver halide (7, 12). 

There is no disagreement between the present results and the charge- 
barrier explanation of the induction period (6). The magnitude of the 
barrier in the immediate vicinity of the metal-silver halide interface is 
the important factor in this explanation. It is likely that only a relatively 
small increase in the actual metal-silver halide interface occurs as the 
gold particles enlarge, and a change in the charge barrier produced by 
this increase may be very small. Whatever effect such a decrease in 
charge has on the development rate may be at least partially offset by 
the physical form of the gold particle which is not such as to make the 
interface more readily accessible to the developer but may actually exert 
some shielding action. 

The influence of the gold particles on the rate of development prob- 
ably is exerted only at the start of development of each center. As soon 
as the center becomes appreciably enlarged, the catalytic action is exerted 
at the interface between silver halide and newly developed silver, and 
the nature of the initial center becomes unimportant. The fact that the 
gold treatment resulted in an increase in measured development rate 
throughout the entire course of development is not contrary to the pre- 
ceding statement. The average grain, under the exposure conditions used, 
contains several latent-image centers and sub-latent-image centers. The 
gold treatment, as shown previously (1), markedly increases the rate of 
development in the low-exposure regions and, hence, markedly increases 
the rate of initiation of development by the smallest latent-image centers. 
Possibly it causes initiation of development by some sub-latent-image 
centers. Hence, in the present case, the gold treatment may increase the 
number of centers from which development is proceeding in each grain. 
Such action would result in an overall increase in rate of development well 
beyond the point where the direct action of the gold has ceased. 

The gold treatment has not changed the qualitative properties of the 
metal-silver halide interface so far as indicated by the concentration 
dependence of the development rate on the developing agent. This is 
readily understandable if adsorption of the hydroquinone to silver halide 
is a prerequisite to development, and is not surprising if the adsorption 
must occur at the interface itself. Accordingly, the data offer no decision 
between these two possibilities. 
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SUMMARY 


A visible gold image, consisting of roughly spherical particles varying 
in size up to 80 my in radius for the longest times of treatment, was ob- 
tained by bathing exposed photographic film in an aurous gold solution. 
The particles are formed by a ‘physical development” of the latent- 
image specks. Electron micrographs show that they are situated at the 
surface of the silver halide grains. 

The gold treatment increases the emulsion speed and the rate of direct 
development and decreases, but does not eliminate, the induction period 
in sulfite-free hydroquinone or p-hydroxyphenylglycine developers. The 
gold treatment does not change the relative dependence of the rate of 
development upon the hydroquinone concentration. 

The relatively small decrease which the gold treatment effects in the 
induction period is not in accord with Bagdasar’yan’s mechanism of 
development or with electrode mechanisms which seek to explain the 
induction period on the basis of size and capacity of the development 
centers. 
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INTRODUCTION 


Both substances studied in this work are complex polysaccharides. 
Karaya gum is the dried exudate from the stem of Sterculia urens, a 
native tree of India. It often has various other names (kadaya, indian, 
tragacanth, india gum, sterculia gum) and is an important raw material 
in the textile, cosmetic, food, and other industries. 

Locust bean gum or mucilage (there exists no satisfactory classifica- 
tion of plant gums and mucilages and no clear distinction between the 
two groups of substances) is the dried extract from the seeds of the locust 
bean. The locust kernel gum is the same substance, but contains less 
starch and other impurities. It is often designated by other names (carob 
gum, St. John’s bread gum, tragon, tragasol, etc.). The locust bean tree, 
Ceratonea siliqua, is cultivated in southern Europe and northern Africa. 
The pods of this tree are gathered and dried in the sun, and then the 
seeds are removed by hand or machine. The seeds are ground and the 
gum extracted by water. It generally comes to the textile industry in 
powdered form or as a thick solution. 

From a physicochemical point of view karaya gum and locust bean 
mucilage are very similar to each other. Both are typical colloids, macro- 
molecular compounds. They swell in water, form gels and slowly dissolve, 
giving viscous solutions. Their viscosity increases very rapidly with con- 
centration. Solutions which contain more than 1% flow very slowly; if 
they contain more than 2% they form opaque pastes; 5% solutions are 
solid gels. The best way to prepare dilute solutions is as follows: to the 
solid powdered substance cold water is gradually added while vigorously 
stirring. After standing for several hours (for higher concentrations over- 
night) the solutions are heated to boiling. Karaya gum forms only seem- 
ingly homogeneous solutions. From each particle there remains an in- 
soluble gelatinous residue, suspended in the solution. These residues can 
be removed by centrifugation or by filtration through a sintered glass 
filter. More concentrated solutions of karaya can be prepared in the 


1 Present address: Institute for Photochemistry, Charles University, Prague, Czecho- 
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shortest time by means of autoclaving, as pressure increases its solubility 
in water. ; 

Most water-soluble gums and mucilages are polyuronides and thus 
closely related to pectin, which contains uronic acids (primarily galac- 
turonic acid). However, there are exceptions, and one of them is locust 
bean mucilage, which contains no acid. The composition of the gums is 
mostly studied by hydrolysis and identification of the hydrolytic products 
which are mono- or disaccharides or derivatives of these. Very little is 
known about the composition of karaya gum. Mantell (1947) noted the 
chief chemical constituent to be galactan gelose, without giving any 
closer information about this substance. The solution of karaya gum is 
acid. Thrun (1935) found that the pH of a 1% solution is 4.6, and re- 
marks that this value becomes higher after 24 hr. and increases up to 5.1 
after 76 hr., if determined electrometrically with quinhydrone; the colori- 
metric estimation with bromocresol shows no change. Thrun explains the 
divergency by assuming that the gum particles absorb the indicator and 
are themselves more acid than the solution in which they are suspended, 
that the quinhydrone value gives the pH of the solution, while the 
indicator after sufficient time gives the pH of the particles. 

Research on the chemical composition of the locust bean gum has 
shown that it does not contain uronic acid. Gortner and Lew (1948) 
found that the gum consists of mannose and galactose in the molecular 
proportion 3:1 or 4:1. Knight and Dowsett (1936) and Williams (1928) 
give accurate analyses of the mucilage, which differ within a few per cent, 
and according to them the locust bean contains: galactan (27%), mannan 


(60%), pentosans (3%), proteins (4%), cellular tissue and small quan- 
tities of mineral matter (1-2%). 


PREPARATION AND PROPERTIES OF MATERIALS 


Karaya gum was obtained in small pieces, some of them quite color- 
less and clean. They were carefully chosen, ground to a fine powder and 
used directly for the preparation of solution. 

Locust bean kernel gum, from a chemist’s shop, was mixed with water 
(1:25) and left standing for 10 hr. The thick solution was centrifuged to 
separate insoluble particles and then precipitated with 2 volumes of 96% 
ethyl alcohol. The precipitated mucilage was dissolved in hot water and 
reprecipitated. The same procedure was repeated 3 times. The wet 
precipitate was washed with 96% alcohol, dried at 80°C., and ground to 
a powder. The pH for a sample of karaya gum in solution examined in 
the present work was found to be 4.5 (glass electrode). After preparation 
the solution has an inclination to change its pH to lower values; later 
(after two days) the pH increases to 4.5 again. Solutions to which traces 
of toluene have been added are quite stable. The acid reaction of karaya 
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gum shows that there are free acid groups contained in this substance. 
These may belong to an uronic acid residue. Further experiments regard- 
ing the composition were not made. The solution of locust bean mucilage 
was found to have a pH of 6.3. 

To determine the molecular weights of these substances Svedberg’s 
(1940) ultracentrifuge method has been used. It involves the determina- 
tion of 3 physicochemical quantities: sedimentation and diffusion con- 
stants and partial specific volume. 


SEDIMENTATION EXPERIMENTS 


Solutions of the gums were subjected to sedimentation experiments 
in the ultracentrifuge. To reduce charge effects NaCl was added to 0.2N. 
The measurements were made at a speed of 800 r.p.s. (corresponding to 
a centrifugal force of about 170,000 g) with karaya gum. Sedimentation 
runs with solutions of locust bean mucilage were performed at a speed 
of 1000 r.p.s. (about 260,000 g). Lamm’s (1937) scale method was used 
for the observations. The scale photographs were taken with mercury 
light, filter Zeiss monochromat C (436 mu Hg line) on Kodak Process 
Plates. The sedimentation constants are given in Svedberg units 
(1S = 10-* em./sec. dyne), reduced to 20°C. and pure water by ordinary 
corrections for the viscosity and the density of the medium. 

The sedimentation constants were extrapolated to zero concentration 
by means of the empirical formula 


So 


. ithe 


(Gralén, 1944), where s, is the sedimentation constant at c = 0, and k is 
a constant for each substance. By plotting s as a function of the product 
s-c a straight line is obtained and the extrapolation is performed graph- 
ically. 

Figs. 1 and 2 show the variation of s2 with concentration for both 
substances. 

Investigations of Gralén (1944) on cellulose and other substances 
with filamentous molecules show that the width B of the sedimentation 
curve varies approximately linearly with x (distance from the center of 


s 


Re tien o3 : 4 
rotation). (See also Kinell, 1947.) The derivative de Varies with the 


total concentration of the solution (cf. Gralén and Lagermalm, 1948). 
According to this the curve width for free sedimentation can be obtained 


by plotting as ordinate and c as abscissa in a diagram and extra- 


polating to c = 0. B is taken as the quotient between area (A) and 
height (H) of the sedimentation curve. 
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Fic. 1. Variation of soo of karaya gum with concentration. 
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Fig. 2. Variation of seo of locust bean mucilage with concentration. 
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Fig. 3. B as a function of x for karaya gum. 
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Fic. 4. B as a function of x for locust bean mucilage. 
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Figs. 3 and 4 show the linear dependence of B on z and Figs. 5 and 6 
give ie as a function of c and the graphical extrapolation to c = 0. The 


dx 


regard to sedimentation. 


value (s) can be taken as a measure of the polydispersity with 
c=0 


(4) 0.7 0.2 0.5 O04 OS 


Fie. 5. a as a function of c for karaya gum. 
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dB : 
Fic. 6. dz 29 function of c for locust bean mucilage. 
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Tables I and II give the results of the sedimentation experiments. 

From the values of (37) are also calculated the values of the distribu- 
0 

tion coefficients y,, assuming a logarithmic distribution (Gralén, 1944, 


dx 
This seems to be a common feature of natural soluble high-molecular 
products; they have a lower polydispersity than synthetic substances, 
as pointed out in 1938 by Svedberg and Gralén (1938, cf. Gralén and 
Svedberg, 1940). 


p. 19). The values of (= ) and ¥, indicate a rather small polydispersity. 
0 


TABLE I 


Karaya Gum 


c (g./100 ml.) 8 8. a 
0.44 8.7 3.8 0.05 
0.24 10.4 2.5 0.08 
0.10 14.6 1.5 0.18 
0 17.5 —_ 0.25 

k=2.3 ye=0.14 
TABLE II 
Locust Bean Mucilage 
dB 

c (g./100 ml.) 8 8. oe 
0.26 2.1 0.55 0.07 
0.20 2.5 0.50 0.08 
0.11 2.7 0.30 0.21 
0.07 3.0 0.21 0.26 
0 3.6 — 0.38 

k=2.8 Ye=0.21 


DIFFUSION MEASUREMENTS 


The diffusion was studied by the method worked out by Lamm (1937). 
Lamm’s slide cells of stainless steel were used, and two experiments were 
made simultaneously in one thermostat, the cells being introduced in the 
light path for observation by a simple arrangement for lateral displace- 
ment. The medium was 0.2 N NaCl. The course of the diffusion was fol- 
lowed optically by means of the scale method. The diffusion curves are 
obtained by plotting the scale line displacement against the scale line 


position 2x. 
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For the calculation of diffusion constants two different formulas were 
used. The first is Wiener’s (1893) ‘‘area” method, which gives the value 
Da: 

A2 


Da= 4rtH?’ 


where A is the area between the diffusion curve and the z-axis, and H 
is the maximum ordinate (height) of the curve. The other method (the 
“moment”? method) gives Dn: 


m2 


Dm = 394 


where m: is the second moment of the curve around the vertical axis 
through the arithmetic medium of the curve (original boundary position). 
The values of D, and D,, are obtained from several exposures (different 
times) by plotting of the values of A?/H? and m2/A in a diagram with ¢ 
as abscissa. Straight lines through the origin are obtained and the diffu- 
sion constants are obtained from the slope of the lines: 


A? 

a( ) 

1 FH? 
Diptera ee 


1 
Sukarno 

The curves obtained are not ideal Gaussian frequency curves. The 
deviations from the ideal diffusion curve are best studied by plotting the 
experimental curves from different exposures together with an ideal curve 
in one diagram with normal coordinates (Lamm, 1937). The calculation 
of these coordinates are based on the area A and the standard deviation 


c= F of each single curve. The experimental values of z and y of 
the curve are expressed in normal coordinates xz, and y, by the equations 


o 


Ln = and Yar Yoags 


9/18 


The advantage of this transformation is that the time is eliminated as a 
parameter. The diffusion curve of karaya gum in normal coordinates is 
illustrated in Fig. 7. It is seen that the curve is rather skewed, the apex 
being shifted from the original boundary position toward the solvent. 
Skew curves indicate dependence of the diffusion constant on concentra- 
tion. From Boltzmann’s (1894) equation 


1 00 
p= [ xrydx 


MUCILAGES 465 


Solvent 


Ey eee RS ne 


Fie. 7. Skew diffusion curve (in normal coordinates) of karaya gum in the solution 
of 0.2 N NaCl. The differently marked points are obtained from 3 different exposures, 
and the large circles indicate the corresponding normal curve. 


the diffusion constant at each point of the curve can be derived, 7.e., at 
each concentration up to the total concentration in the experiment. It 
has been found that the dependence on concentration for high-molecular 
substances like this is generally linear. If so, the diffusion constant at 
zero concentration, D,, can be calculated by the formula (Gralén, 1944, 
p. 63) 

A-M. 


Do = Dm + “Gare 


where M, (mode) is the difference between the positions of the maximum 
ordinate and the original boundary. In general, as here, M, is negative, 
and thus D, < Dn. 

The diffusion of locust bean mucilage gave symmetrical curves. For 
both substances, the heights of the experimental curves are higher than 
those of the corresponding normal curves. This means that D,, is greater 
than D4. As D,, and Dz give different averages of the diffusion constants 
for polydisperse substances, this fact indicates polydispersity, and the 
ratio D,/Da can even be taken as a measure of the polydispersity 
(Gralén, 1941). The experimental accuracy is not sufficient, however, for 
any far-reaching conclusions. 

The results of the diffusion measurements are given in the following 
table, where the diffusion constants are given in units of 10~’ cm.?/sec. 
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TABLE III 
——— LET 
A Mo 
Substance Dn Da Dm/DA Tat Do 
Karaya gum 0.46 0.27 1.7 0.32 0.14 
Locust bean mucilage 0.85 0.49 1.7 — 0.85 


Tue PartiaL Speciric VOLUME 


This quantity was determined pycnometrically according to Kraemer’s 
equation (1940) for binary solutions. 
va=o(1- =e. &), 
m dp 
where v is the specific volume of the solution, m the weight of the pyc- 
nometer content, and p the concentration of the substance in weight 
per cent. 

For both substances under investigation the values of v, p, and m 
were determined for 3 concentrations. The weights were corrected for 
buoyancy (Drucker, 1941). The results are contained in Table IV. 
The function Am = f(p) is linear for both substances. For karaya gum 
was found i: = 0.123 and for locust bean mucilage = = 0.133. The 
partial specific volume for karaya gum is 0.68 and for locust bean mucilage 
0.66 (see last column of Table IV). 


TABLE IV 
Substance p m v V 

Karaya gum 0.000 38.7779 1.0017 0.684 
0.040 38.7809 1.0016 0.684 
0.077 38.7866 1.0015 0.684 
0.176 38.8015 1.0011 0.684 

Locust bean mucilage 0.000 38.7779 1.0017 0.657 
0.086 38.7879 1.0015 0.661 
0.198 38.8039 1.0010 0.658 
0.467 38.8445 1.0000 | 0.659 


Viscosiry MEASUREMENTS 


The viscosities were measured in an Ostwald viscosimeter. The rela- 


tive viscosities 7, = 4/n. and the quotient nsp/¢ = UTR given in the 
No*€ 
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Tables V and VI and the dependence of 7,,/¢ on concentration is shown 
in Figs. 8 and 9. The addition of salt (0.2 N NaCl, Fig. 9) reduces the 
influence of the electrical charge of the molecules. It can certainly be 
assumed that 0.2 N NaCl is enough to eliminate most of the charge effects. 
It is striking that the viscosity of karaya gum in 0.2 N NaCl solution is 
about the same as that of locust bean mucilage, but in pure water 


TABLE V 
Viscosity of Karaya Gum at 20°C. 


H2O0 0.2 N NaCl 
c (g./100 ml.) "Pr Nsp/c c (g./100 ml.) nr Nap/c 
0.704 37.48 51.8 0.563 12.4 20.2 
0.410 16.24 BY 0.328 4.82 11.7 
0.235 7.76 28.8 0.236 3.12 9.0 
0.226 6.75 25.5 0.164 2.08 6.6 
0.108 3.40 22:2 0.112 1.72 6.5 
0.091 2.89 20.8 0.102 1.64 6.2 
0.074 2.46 19.8 0.086 1.52 6.1 
0.033 1.63 19.1 0.059 1.34 5.7 
0.000 1.00 — 0.026 1.14 5.5 
0.000 1.00 5.5 
TABLE VI 


Viscosity of Locust Bean Mucilage at 20°C. 


HO 0.2 N NaCl 

ce (g./100 ml.) nr Nsp/c c (g./100 ml.) nr Nap/c 
0.467 16.44 33.1 0.390 10.56 24.5 
0.300 6.88 19.6 0.373 9.46 22.7 
0.220 4.18 14.5 0.312 6.65 18.1 
0.198 3.51 12.7 0.240 4.84 16.0 
0.132 2.43 10.8 0.176 3.35 13.3 
0.086 1.70 8.2 0.158 2.68 10.6 
0.042 1.29 7.0 0.107 2.00 9.3 
0.000 1.00 — 0.069 1.52 7.5 
0.034 1.24 ek 

0.000 1.00 5.0 


much greater. On the other hand, the sedimentation constant and the 
molecular weight (see below) of karaya are much greater than those of 


locust bean. 
It is not possible to use Staudinger’s equation 


Cel = Kn DLP: 
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for calculation of degrees of polymerization (D.P.), as the constant Kia 
: ML PY : ; Ine / to Vio: i 
is unknown. [1] is the intrinsic viscosity, lim ar eee (nsp/C). 


By extrapolation from Fig. 9 we get for karaya gum [7] = 5.5 and for 
locust bean mucilage [1] = 5.0. 


OQ 0.2 O04 06 08.C 


Fia. 8. nsp/c for karaya gum (K) and locust bean mucilage (L) in pure water as a 
function of concentration. 


O O1 0.2 03 O04 0.5 0.6 C 


Fia. 9. mep/c for karaya gum (K) and locust bean mucilage (L) in 0.2 N NaCl as a 
function of concentration. 
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MoLEcuULAR WEIGHTS 


The molecular weights for macromolecular substances are calculated 
by introducing the values for s, D, and V into Svedberg’s formula 


3 RTs 
D(1 — Vp)’ 


where £ is the gas constant, 7 the absolute temperature, and p the den- 
sity of the solution. As all measurements refer to the concentration zero 
and are corrected to pure water at 20°C., the value for p was taken as 
the density of water at 20°C., p = 0.9982. 

The calculation gives: 


M 


M 
karaya gum 9,500,000 
locust bean mucilage 310,000 


The molecular weights calculated from Svedberg’s equation can repre- 
sent different averages, which depend on the way of calculating s and D 
(Jullander, 1945). The diffusion constant D, is a weight average (Gralén, 
1944), and also the sedimentation constants obtained for karaya gum 
and locust bean mucilage can be considered as weight averages, because 
they are calculated from the peak of symmetrical curves. The weight 
averages are designated as s, and D.,,. The molecular weight obtained is 
a weight-weight average 


RT Gh 
M ww = TOV, Ses: 
In general, this is not equal to the weight average (Jullander, 1945) 
De: M, 
M, ===. 
a, 


THE SHAPE OF THE MOLECULES 


To get an indication of the shape of the molecules the frictional 
coefficients have been calculated. For spherical, unsolvated particles, the 
value of the frictional coefficients is, according to Stokes’ law, 

3MV \3 
te —s 67rN (er) 5 
The sedimentation and diffusion measurements give the frictional co- 


efficient 
peas A UL = Vp) 
ey 8 ; 
If the ratio f/f. is greater than unity, it can be concluded that the par- 
ticles in solution are hydrated or that the particle shape deviates from 
spherical; both factors naturally may be of influence. 
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For unhydrated molecules having the shape of oblong ellipsoids with 
the axial ratio J/d (I = length, d = diameter) Herzog, Illig and Kudar 
(1933) have derived an equation giving the relation between f/f. and I/d. 
From this equation and from the values of the molecular weight and the 
partial specific volume, it is possible to calculate 1 and d. Cf. Svedberg 
and Pedersen (1940) and Gralén (1944). 

Table VII gives the results of this calculation for both substances 
under investigation. 


TABLE VII 
d | 1 
Substance t/fo l/d 
(Angstrom units) 
Karaya gum 2.4 32 86 2750 
Locust bean gum 1.24 5 51 255 


SUMMARY AND DIscussION 


Two plant gums, karaya gum and locust bean mucilage, have been 
the objects of a physicochemical investigation regarding their molecular 
properties. The following table contains the results obtained. 


TABLE VIII 
Locust bean 

Karaya gum mucilage 
Sedimentation constant at zero concentration, So 17.5 S 3.6 
Concentration dependence of sed. constant, ks 2.3 2.8 

(c in g./100 cm.?) 

(dB/dz)o 0.25 0.38 
Diffusion constant at zero concentration, D, 0.14 X 1077 cm.?/sec. 0.85 
Dm/Da 1e7, 1.7 
Partial specific volume 0.68 0.66 
Molecular weight from s, and D, 9,500,000 310,000 
Intrinsic viscosity (c in g./100 cm.’) 5.5 5.0 
Frictional ratio f/fo 2.4 1.24 
l/d 32 5 
L = length of molecule 2750 A 255 
d = width of molecule 86 A 51 


It is remarkable that the molecular weight of karaya gum is about 
30 times greater than that of locust bean mucilage, but the viscosity is 
about the same for both substances. The high viscosity of locust bean 
probably also accounts for most of the high dependence of the sedimenta- 
tion on concentration. Obviously there are big differences in molecular 
shape and behavior. The frictional ratio assumes a great asymmetry in 
shape for karaya. However, the frictional ratio may also indicate a 
higher solvation for karaya than for locust bean. This explanation seems 
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rather probable, because karaya contains many acid groups, which attract 
and immobilize large amounts of water, whereas locust bean is neutral. 
We are, therefore, inclined to lay not too much emphasis on the figures 
of length and width of the molecules given in the table, but to attribute 
the difference in the frictional ratios partly to differences in solvation. 
Kuhn and Kuhn (1943) have presumed that filamentous molecules 
can behave as “‘free-draining molecules,’ which are completely bathed 
by the solvent, or as “matted coils,’”’ where the solvent is immobilized 
within the coilings of the molecules. Of course all intermediates are 
possible. If this theory is applied, the locust bean mucilage is close to 
free-draining, whereas karaya behaves more as matted coils. 
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ON THE COLLOIDAL BEHAVIOR OF SOME 
COMPLEX-FORMING SYSTEMS 


Arun K. Dey 


From the Department of Chemistry, The University, Allahabad, India 
Received January 17, 1947 


There are many heterogeneous systems, claimed by the colloid 
chemists as within their jurisdiction, whereas the formation of complex 
compounds in such cases cannot be denied. The problems of complex and 
colloid formation have not been fully studied, and in one of the publica- 
tions from this laboratory, Ghosh and Dhar (1) discussed this problem 
and tabulated a long list of such systems which show both colloid and 
complex behavior. They ascribe the colloidal behavior of these systems 
to the adsorption of ions, which imparts the necessary charge. 

During the study of the formation of some complex compounds, I 
came across certain systems which display colloidal behavior as well. In 
some publications (2), I have described the studies on the formation of 
cuprammonium compounds. As early as 1884, Grimaux (3) pointed out 
the colloidal behavior of a cuprammonia solution. Dhar and coworkers 
(4) studied the adsorption of alkalis and ammonia by hydrated cupric 
oxide, and concluded that a part consists of colloidal cupric hydroxide. 
Similarly Bhatnagar and collaborators (5) have emphasized the role of 
colloid formation in cuprammonia solutions. They compared the absorp- 
tion spectra of colloidal cupric hydroxide and that of a cuprammonia 
solution and found them to be similar. They further support their idea 
by the absence of any molecularly dispersed cuprammonium ions in the 
outer liquid when a cuprammonia solution is dialyzed. It has been ob- 
served by me (6) that the cuprammonium compounds on dilution undergo 
hydrolysis, with evolution of ammonia, according to the equation: 


Cu(NH,)++ + (n + 2)H:0 = Cu(OH)» + NH; + 2H°. 


It is thus obvious that hydrolysis of the cuprammonium complex is 
liable to precipitate cupric hydroxide in the parchment, and thus no 
cuprammonium ions can pass out of the parchment. Further, I have 
studied the light absorption of these solutions, and from shifts in the 
absorption maxima deduce the presence of definite ammino compounds 
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in the solution. Electrical conductivity results also support complex 
formation. 

During the conductometric study of the formation of cuprammonium 
complexes, I have observed that, with lower concentrations of ammonia, 
the electrical conductivity of mixtures with cupric salts remarkably 
decreases; when further quantities of ammonia are added, the conduc- 
tivity values increase, and exceed the sum of the conductivities of the 
constituents. The following tables will make this clear. 


TABLE I 
Cuprice Chloride-Ammonia System 
Ratio Percentage difference 
Cu:NHs in conductivity 
1:1.00 — 16.84 
1:1.25 11.81 
1:1.67 + 0.30 
1:2.00 + 2.53 
1:2.38 + 5.95 
1:2.94 +12.51 
TABLE II 
Cupric Nitrate-Ammonia System 
Ratio Percentage difference 
Cu:NHs in conductivity 
1:1.00 —11.94 
1:1:25 —11.60 
1:1.67 —10.57 
1:2.00 + 0.75 
1:2.38 + 8.95 
1:2.94 +12.10 


A perusal of the above tables shows that with ratios of Cu: NH; below 
1:2, the conductivities are lower than those of the sums of the conduc- 
tivities of the constituents. It might be suggested that below this ratio 
copper is mostly precipitated as hydroxide and is removed from the field 
of the reaction and hence does not contribute to the conductivity of the 
mixture. The reaction between a cupric salt and ammonia in solution 
proceeds according to the equations: 


CuCl, + 2NH,OH = Cu(OH). + 2NH.Cl, 
Cu(NOs)2 + 2NH,OH = Cu(OH), + 2NH,NO3. 


Now, as cupric hydroxide continues precipitating, an equivalent 
quantity of ammonium chloride or nitrate continues to form. The electrical 
conductivity of ammonia is very low, and the conductivity of the am- 
monium salt (chloride or nitrate) is definitely greater than that of the 
cupric salt (choride or nitrate). Hence, even after precipitation of cupric 
hydroxide, the conductivity of the mixture should not decrease if the 
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reaction proceeds only in accordance with the above reactions. It is 
evident, therefore, that the mechanism of the reaction is not as simple as 
that suggested by the above equations. It appears that, with the precipi- 
tation of cupric hydroxide, ammonium ions are adsorbed by the active 
surface of freshly precipitated cupric hydroxide and thus the electrical 
conductivity of the system is diminished. Thus, the particles acquire the 
necessary charge and display Brownian movement. This occurs in the 
cases cited in Tables I and II. The conductivity of the mixture is less than 
that of the sum of the conductivities of the constituents, when the ratio 
of Cu: NH; is below 1:2. When this ratio is reached, the conductivity 
increases and this indicates the beginning of the formation of complex 
ions. Hence, we can conclude that below this point the system is in the 
form of a colloid, and further increase in ammonia concentration leads to 
the formation of complex ammino compounds of different compositions. 

Another interesting case is that of the so-called Fehling’s solution. A 
solution of cupric sulphate in tartrate solutions is known to show colloidal 
behavior, and many metallic salts dissolved in organic acids have been 
found to exhibit a colloidal nature. Almost no conclusive proof was 
available to identify complex ions in such solutions. Thus Dumanski and 
Chalisew (7), Britton and coworkers (8), and Morton (9), regard the 
phenomenon of dissolution of organic salts of metals in organic acids as 
that of peptization resulting in the formation of a colloidal solution. But 
very recently, Bobtelsky and Jordan (10), by an extensive study of cupric 
- and nickel citrates and tartrates, have inferred the formation of complex 
ions in solution. The method adopted by these workers was physico- 
chemical, and hence is more reliable. I have studied the complex formation 
between silver citrate and sodium citrate (11) by the solubility method 
and have obtained similar results. 

Stannic hydroxide is known to adsorb many ions, and yield colloidal 
solutions. Ghosh and coworkers (12), while studying the peptization of 
stannic hydroxide, observed the formation of complex stannates with 
ammonia. Also, complex formation has been reported as taking place 
between stannic tin compounds and carboxylic acids in recent publica- 
tions (13) from this laboratory. When, however, stannic hydroxide is 
employed, with the formation of complex ions adsorption also plays a 
predominant part. The quantitative study of the adsorption has also been 
made, and it has been noted that, with lower dilutions of oxalic acid, 
Freundlich’s isotherm is obeyed, but increase in the concentration of 
oxalic acid gives results which are anomalous from this viewpoint. Fur- 
ther, during the electrical conductivity studies of the stannic hydroxide- 
oxalic acid system, we found that, as in the case of the cuprammines, the 
electrical conductivity of the mixture was lower than that of the sum of 
the constituents by as much as 72% with lower concentrations of oxalic 
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acid, even though the stannic hydroxide dissolves (or disperses) in the 
oxalic acid. These results naturally show the predominance of adsorption. 
When the amount of oxalic acid is further increased, the conductivity 
values increase also. This occurs when the ratio Sn!¥:C,0,- has reached 
the value 1:2.6. In this case, too, the formation of a colloid is evident 
prior to the formation of complexes. 

The dimension of a precipitate is usually greater than 10~* cm., and 
that of a colloid particle lies between 10-* and 10-7 cm. Now, in the case 
of an insoluble precipitate, a suitable solvent (solution of a compound 
forming a complex with the precipitated compound) is added, and solvent 
action commences, naturally, on the surface of the precipitate. When 
dissolution has proceeded to such an extent that the size of the precipitate 
particle has attained the dimensions of a colloid particle, just before 
undergoing total dissolution the particles will begin to display Brownian 
movement like the colloid particles. The preferential adsorption on the 
active surface of the precipitate imparts the necessary charge, and the 
precipitate passes to the colloidal state. At this stage, the solution is 
saturated with respect to the precipitate, and the contention of Ghosh 
(14) regarding the colloidal nature of saturated solutions is justified. All 
studies of the system, while in this condition, will indicate colloidal 
nature and the tests for a colloid will be positive. Further addition of the 
solvent, however, will bring about complete dissolution of the precipitate, 
and complex ions will form in solution. But it must be pointed out that 
any generalization is impossible regarding the colloidal behavior of 
complex compounds in solution. It has been observed that the colloidal 
behavior is pronounced only in the case of reversible reactions, for 
example, in those of the copper ammines, copper cyanides, etc. It is also 
essential that the product should be easily hydrolyzed with water; other- 
wise, formation of the hydroxide sol will not be possible. 

Thus, it is evident that the isolation of complex compounds and direct 
analysis thereof, are liable to include adsorption complexes (in addition 
to double salts also), and hence cannot be relied upon for the study of 
complex compounds. It should, therefore, be emphasized that physico- 
chemical methods seem to furnish us with exact information regarding 
the composition of complex compounds, rather than direct quantitative 
methods. 

It is a pleasure to express my indebtedness to Dr. S. Ghosh for his 
helpful discussions and advice. 
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NOTE ON ANION EXCHANGE RESINS. “ACID 
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There has been a good deal of discussion (1) as to whether the re- 
actions of anion exchange resins with acids involve an exchange of anions 
or an “adsorption” of acids. Kunin and R. J. Myers (1) have stated 
recently that the mechanism is ‘essentially an exchange of anions.” 
On closer scrutiny, it appears, however, that, as far as aqueous systems 
are concerned, there is at present no experimental means of distinguishing 
between the two possibilities, and that, therefore, the discussion is some- 
what unprofitable. 

Exchange resins of the polyamine type, e.g., Amberlite IR4, may 
contain primary and secondary amino groups. For the sake of simplicity, 
we shall consider groups of one type which form part of the permutoid 
structure of the resin which is swollen when in contact with water. These 
groups are very weakly basic. In analogy to aniline, we may assume 
their ionization constant to be no greater than 10~° to 10-'°. Thus the 
equilibrium 

RNH,; + H.O @ RNH;t + OH- (1) 


is very much to the left;1 only one in about 105 amino groups will be 


present as NH. 
When a strong acid, such as hydrochloric acid, is added, we may have 


[ RNH,* + OH-]+ H.O+ + Cr =| RNHt + Cr] +2H,0 (2) 


and 


RNH; + H:0+ + Cl @| RNHst + Cl | + HL0. (3) 


Both equilibria are appreciably to the right because H;O0* is a strong 
acid. Reaction 2 is an anion exchange. Reaction 3 corresponds to what 


11t is because of this very weak dissociation that anion exchange resins—unlike 
cation exchange resins containing sulfonic acid groups—react with neutral salts only to 
a slight extent. What has been described as a fundamental difference between the re- 
actions of cation and anion exchangers of the Amberlite type (2) is the difference in 
behavior between strong acids and weak bases. 
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some authors call ‘acid adsorption.” This term is unfortunate, since, in 
the case of strong acids, the reaction merely consists of a proton transfer 
from H,0+ (or a higher hydrate of the proton) to — NHz, the anion being 
retained in the resin essentially by electrostatic attraction (Bishop, 3). 
It is highly improbable that ‘molecular adsorption”’ of HCl on the resin 
occurs to an appreciable extent, in view of the fact that aqueous hydro- 
chloric acid is virtually completely dissociated.? 

When the resin reacts with hydrochloric acid, the equilibrium ac- 
cording to Eq. 1 may be displaced to the right through removal of OH 
and the reaction may proceed as indicated by Eq. 2 through proton 
transfer from H;0+ to OH-; or else proton transfer may occur directly 
from H,;0+ to —NHz, according to Eq. 3. In view of the small initial 
number of —NHs3+ ions present, it would appear that reaction according 
to Eq. 3 is very appreciable, unless the rate constant of reaction 3 is 
much smaller than those of reactions 1 and 2. 

We are not aware of any experimental results which allow of an 
unambiguous distinction between the two possibilities of reaction between 
a resin and an aqueous solution of a strong acid, just as a similar distinc- 
tion in the reaction between aniline and aqueous hydrochloric acid is not 
possible. 

Jenny (4) found that, in a suspension of fine resin particles, the pH was 
higher before than after settling of the particles, and the particles proved 
to be positively charged in an electrophoresis experiment; moreover, the 
resin catalyzed the mutarotation of glucose. These observations prove 
that hydroxyl ions are present in a small concentration, and that, there- 
fore, reactions 1 and 2 occur to some extent, but they do not exclude 
reaction 3. The observation of Jenny that heat is evolved when the dry 
resin is brought in contact with water merely shows that the hydration 
of the hydrophilic groups of the resin is exothermic. Similar effects are 
found on hydration of macromolecular compounds, the process in many 
cases not involving ionization. 

A distinction between the two possibilities should be easier in systems 
involving organic solvents. Aniline dissolved in dry ether is reported to 
react with dry HCl gas. This reaction must be essentially one of direct 
proton transfer, vz. 


CeHsNH2 + HCl = CsHsNH;Cl, 


even if traces of water are present, since the amount of reaction 1 would 
be extremely small in these circumstances. The experimental material on 


? van der Waals adsorption, in addition to chemical reaction, may be appreciable with 
weak organic acids. 
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reactions of polyamine resins with acids dissolved in organic solvents is 
scarce and admits of various interpretations (5). 
We are indebted to A. N. Hambly for stimulating discussions. 
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Erratum 


On page 529, Volume 2, No. 5, Equation (10) should read 


92 = 3 na? 
2 2 (7?) 
instead of 
' 2 
(96) = ; eo 
na 
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INTRODUCTION 


The use of a diffusion method for the separation of solute molecules in a 
mixture was suggested by the successful separation of isotopes by gaseous 
diffusion (1,2). The glass membrane diffusion cell, developed by Northrop 
and Anson for analytical purposes (3), could, in principle, be used for 
quantity separations as well. Signer and coworkers (4,5) have recently 
described the construction of a cascade of such diffusion cells for the 
efficient separation of solute components by a counter-current process. 
The diffusion membranes for the cascade were apparently made of a cellu- 
lose-type dialysis membrane, and the solute mixture separated consisted 
of sodium chioride and sodium sulfate. 

These methods should be applicable also to large solute molecules. The 
sensitivity of diffusion coefficient to molecular size was one of the earliest 
known properties of macromolecules. The combined Einstein-Stokes 
equation for the diffusion of hard spheres through a viscous medium is: 


sap ie 
~ 6anrN 


D is the diffusion coefficient; 

n is the viscosity of the solvent; 
r is the radius of the sphere; 

N is Avogadro’s number. 


(1) 


In a polymer homologous series, the dependence of the diffusion coeffi- 
cient on molecular weight may be represented by the equation 


D = b/M. (2) 


The magnitude of the exponent a is crucial for diffusion fractionation. 

Hydrodynamic treatments of the behavior of long-chain molecles in 

solution have been carried out by Simha (6), Kuhn and Kuhn (7), J. J. 

Hermans (8), Debye and Bueche (9), and Kirkwood and Riseman (9a). 

These theoretical treatments place upper and lower limits of 1.0 and 0.5 
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on the value of a. In general, values close to 1.0 are predicted for stiff or 
stretched out molecules, and values close to 0.5 for flexible or compact 
molecules. The value of a may vary with the molecular weight within a 
polymer homologous series, from 1.0 for low molecular weight members to 
0.5 for high members. 

Table I is a tabulation of a values from data reported in the literature. 
The values reported in the table are within the predicted range of 0.5 to 
1.0. It is therefore reasonable to expect molecular weight fractionation to 
take place in a diffusion cell. 


TABLE I 
Experimental Values of a 
Polymer system Reference a 
Cellulose in cuprammonium Gralén (10) 50 
Cellulose acetate in acetone Singer (11) .62 
Cellulose acetate in acetone Polson (12) .80 
Methy] cellulose in water Polson (12) .58 
Nitrocellulose in acetone Mosimann (13) P55) 
Nitrocellulose in acetone Gralén (10) .69 
Nitrocellulose in amyl acetate (low M) Jullander (14) PETE 
Nitrocellulose in amyl acetate (high 1) Jullander (14) BD 
Sodium cellulose xanthate Gralén (10) On 
Amylose acetate in methyl acetate Dombrow-Beckmann (15) way) 
Buna-S in carbon tetrachloride Bevilacqua (16) .68 


EXPERIMENTAL MrEtuHops 


The choice of membrane material is of prime importance. Dialysis mem- 
branes, such as Signer used (4), have pores which are too small for high 
polymers. Sintered glass membranes have suitable pore diameters, 5-15, 
but are too slow for the fractionation of large molecules. Glass membranes 
have been used for measuring the diffusion coefficients of large molecules, 
but the time required for such an experiment is much smaller than the 
time required for the fractionation of large amounts of material. Metal 
membranes, which have become increasingly important in chemical tech- 
nology in recent years, are now manufactured with a wide variety of pore 
characteristics. Stainless steel membranes, made by the sintering of metal 
powder, were found to be suitable for diffusion experiments. Thin sheets 
were made to specifications in thicknesses as low as 0.020 in. 

The membrane cell is shown in Fig. 1. It was made of two pieces of 
brass round stock, fastened together with 5 flange nuts E. The inner diam- 


: as Raabe on membrane diffusion in this research were carried out with the 

stainless steel material manufactured by the Micro Metallic C i 

fag, talaga Vy Ey orporation, 193 Bradford 
These membranes are available in different grades, with average diameters of 5, 10, 


15, or 25 #. The manufacturer claims for any given grade that the ratio of the largest 
pore diameter to the smallest is no greater than 4. 


HIGH POLYMER FRACTIONATION 485 


eter of the cell was 2” and the outer diameter was 3” at the body and 4” 
at the flanges. The 23”” membrane, F, was placed on a }’’ shelf machined 
into the cell case. A 2’ gum rubber gasket, G, provided the seal between 
the upper compartment, R, and the lower compartment, S, and between 
the inside of the cell and the thermostat. Nozzles A, B, C, D were soft 
soldered into the cell. A threaded brass needle valve was attached by a 
nut to the end of each nozzle. These valves were provided with threaded 
connections on the outside so that various types of adapters could be 
fitted to the cell for filling, emptying, evacuating, etc. 


B 


Fic. 1. Metal membrane cell. 


The cell had to be tight for several reasons: (1) to prevent inleaking air 
from forming bubbles at the membrane surface; (2) to prevent diffusion of 
the thermostat water into the cell; (3) to keep the partial pressure of 
oxygen and carbon dioxide low and prevent corrosion at the soldered 
joints; (4) to maintain a sterile atmosphere and prevent the growth of 
molds in the carbohydrate solutions used in this research. The cell was 
therefore tested for leaks after each assembly by filling it with 23 atm. of 
hydrogen and immersing it in water. 
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Pore sizes were measured by two methods, the capillary flow method 
and the surface tension method. 


1. Capillary Flow Method 


For this method the membrane was assumed to be a bundle of n inde- 
pendent capillaries of uniform radius 7 and effective length L. According 
to Poiseuille’s Law, a liquid of viscosity » will flow through such a medium 
under a pressure P with a velocity v cc./sec., where 


_ Prtxn 


aL Sin 


The following substitution was used to eliminate n: 
6 = ani’. (3) 


6 is the free volume of the membrane; and it is calculated from the weight 
of the membrane, the overall dimensions of the membrane, and the known 
density of solid stainless steel. Since the capillaries are tortuous and thus 
longer than the measured thickness of the membrane (I), the effective 
length (L) is assumed to equal l7/2, according to Hitchcock (17). Then the 
equation for calculating the pore size is 


Snv 

Pa (4) 
v is the velocity of flow of a liquid, in cc./sec.; 

n is the viscosity of the liquid; 

P is the driving pressure. 


Tv 
rast 


Measurements of the flow rate were made by attaching a long tube of 
known cross section to valve B (actually to the valve attached to nozzle B 
in Fig. 1). The tube, which was mounted on a millimeter scale and filled 
with liquid, was used as the hydrostatic head for forcing liquid through the 
membrane and out of the cell at valve C. The millimeter scale measured 
both the driving pressure and the rate of efflux. Water was used as the 
flow liquid for measuring small porosities and glycerine-water mixtures for 
large porosities. The viscosities of the glycerine-water mixtures were 
measured in a Bingham viscometer. 


2. Surface Tension Method 


This method is based on the well-known relationship between P, the 


pressure required to force a bubble of gas through a wet capillary, and 7, 
the radius of the capillary (18): 


pa 27 ces $» (5) 
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where ¥ is the surface tension of the liquid in the capillary. Because the 
contact angle, ¢, could not be measured, a maximum value of the radius 
was calculated from the equation: 


rm (6) 


The bubble pressure was measured in the diffusion cell as follows. The 
cell was completely filled with liquid. Valve B (Fig. 1) was connected to a 
hydrogen tank with an open-end mercury manometer in the line, and 
valve C was opened to the air. Valves A and D were kept closed. Any 
positive pressure applied at B would force liquid down from the top com- 
_ partment of the cell to the exit at C. The bottom compartment, however, 
remained completely filled with liquid until the pressure was sufficient to 
force a bubble through the membrane. The bubble pressure (at which a 
steady emptying of the bottom section began) was measured to 1 mm. of 
mercury. 

Table II lists the pore sizes of a number of membranes determined by 
one or both of these methods. Discrepancies between the values listed are 


TABLE II 
Pore Sizes of Steel Membranes 


Si a Bik ete Capiiey flow Bubble one 
G 2 Sy. 27 
G 3 31 
FMG 4 4 13 
H 6 3 16 
G 13 12 


due to the fact that the capillary flow measures an average pore size, and 
the bubble pressure measures the largest pore size. The membranes pre- 
pared by sintering have a range of pore sizes, in accordance with the 
manufacturer’s description. 

The pore size value was the first criterion of the suitability of a new 
membrane. Small pores, which might restrict diffusion, were avoided. The 
minimum requirement for unrestricted diffusion was estimated to be a 
ratio of 30 between the pore diameter and the maximum molecular 
dimension. The largest molecular dimension of the solute materials used 
in this work was estimated by a viscosity method (19) to be 800 A. There- 
fore, it was desirable to have a membrane without pores of diameters less 
than 2 or 3 uy. tr 
To avoid entrapment of air bubbles and prevent mixing of the top and 
bottom compartments, the following procedure was adopted for filling the 
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cell. The diffusion cell was filled with an atmosphere of hydrogen. The 
solvent was placed in a two-necked flask. One neck led to a pressure- 
vacuum manifold; the other neck led to the diffusion cell through a copper 
tube attached by means of a rubber ring seal. The solvent was degassed 
by successively evacuating and flushing with hydrogen. Then a positive 
hydrogen pressure of 2 or 3 cm. of mercury was applied to force the solvent 
into the diffusion cell at B (Fig. 1). Valve D was opened to the atmosphere 
to let the hydrogen escape as the cell filled. The S part of the cell filled 
completely but a large gas pocket remained in the & compartment. The & 
compartment was drained at B by a positive hydrogen pressure of 2 cm. 
applied at A. Solution was then forced into the R compartment at A from 
another two-necked flask. Either compartment of the cell could be drained 
without disturbing the other as long as the positive pressure applied was 
less than the bubble pressure for the largest pore (Eq. 5). Hydrogen was 
used for these operations because it is the least water-soluble of the com- 
mon gases, and is chemically inert with respect to the solutes used in these 
experiments. The amount of mixing across the membrane during the 
filling operation was found to be insignificant. 

The membranes were calibrated by diffusing sucrose solutions of less 
than 3 g./l. In Gordon’s notation (20), the fundamental equation for 
membrane diffusion is 

Acs 
ACo 


= e PDE, (7) 


Ac; is the difference in concentration of the two solutions (above and 
below the membrane) at time ¢; 
Ac, is the difference in concentration at the beginning of the experi- 


ment (¢ = 0); 
6 is a geometrical constant of the cell. 
Afl 1 
6=5 (pty): (8) 


V’ is the volume of the R compartment; 

V” is the volume of the S compartment; 

A is the effective cross sectional area of the pores; 
L is the effective average length of a pore. 


The diffusion coefficient of the sucrose in water was 53 X 1077 cm.?/sec. at 
25°. Duplicate determinations of 8 were carried out with an average de- 
viation of 2%, the limit of the analytical method. 


2 McBain and Liu (21) found that the diffusion coefficient of sucrose was 53.5 X 1077, 
using a sintered glass cell calibrated with KCI. The recalculated value, in terms of the 


accepted D for KCl (20), is 51.6 < 10-7. A value of 55 X 10-7 was determined in the 
present research by free diffusion. 
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Values of 8, the cell constant, are listed in Table III. The cell constants 
for some typical glass cells reported in the literature are also listed for pur- 
poses of comparison. The A/L values are also. tabulated for each mem- 
brane, so that the contributions to 6 of the membrane and of the cell 
geometry may be separated. The various membranes have different cross 
sectional areas. Hence, a specific membrane constant, F/L, is defined as 


(9) 


where 7 is the gross radius of the membrane. F can be defined as the effect- 
ive cross sectional area of pores per unit area of membrane. It is apparent 
from Eq. 7 that large 8 values are desired to shorten the time of an experi- 
ment. The membrane material that makes the greatest contribution to B 
is the one with the largest value of F/L. The data in Table III show that 


TABLE III 
Some Membrane Cell Constants 


anata Reference em.~2 ae ils t, 
Metal This work Dal, 66 2.6 67 
Metal This work 1.4 44 2.0 60 
Glass Northrop and Anson (3) 1 10 6 20 
Glass Northrop and Anson (8) 1 12 8 20 
Glass Anson and Northrop (22) 4 10 8 50 
Glass McBain and Liu (21) 2 7 4 91 
Glass Gordon (20) Ee 10 5 100 
Glass Scherp (23) U6 32 2 5 


the metal membranes are much faster than all but one of the glass mem- 
branes. The glass membrane used by Scherp is the one exception. Scherp’s 
cell was so small (V’ = 5cc.) that it could not be used for quantity separa- 
tions. The metal cells used in the present work were approximately the 
same size as the average glass cells reported in the literature. It would be 
easier to increase the area of a metal membrane than of a glass membrane 
and still maintain mechanical strength. This could be done by construct- 
ing an open metal grill support for the membrane. 

Type G discs were selected as the most desirable of the various grades 
available. The manufacturer rated the average pore diameter as 10u. The 
pores of the F discs, rated at 20 wu, were too large and allowed liquid 
streaming. The H discs available for this work had desirable pore sizes, 
5 p, but the discs were thick and their fractional free volumes small. Both 
of these facts contributed to a low 6, which made the H discs too slow for 


use. 


490 J. L. ROSENBERG AND C. 0. BECKMANN 


Standard water-soluble materials of widely different diffusion coeffi- 
cients were not available to check the calibration of the cells. Neither 
electrolytes nor buffered protein solutions could be used because they 
might corrode the cell. A low molecular weight amylopectin, prepared in 
this laboratory by the acid degradation of starch (25), was used to check 
all cell calibrations. The sample, LS648-A2, appeared fairly homogeneous 
in a diffusion experiment carried out in a Tiselius electrophoresis cell (26). 
Its free diffusion ccfficient was 14.4, with no measurable concentration 
dependence. (All diffusion measurements reported in this paper were made 
at 25°C. The values are reported in units of 10-7 cm.?/sec.) The diffusion 
coefficient, D2,o, was calculated from the experimental data by Eq. 10. 
The membrane diffusion coefficient was measured by allowing 10-15% of 
the solute to diffuse into the bottom (S) compartment; and it was found to 
be 17.9 + 3%. The results of the separate experiments are tabulated in 
Table IV. 


TABLE IV ' 
Diffusion Coefficient of LS648-A 2 

Cell Membrane D X10" 
1 G4 17.9 
1 Gill 18.6 
2 G13 18.3 
2 G 13 17.3 
2 G13 17.5 


The close agreement among the membrane determinations indicates 
that the measured value is a real one. The discrepancy between this value 
and the free diffusion value may be ascribed to the presence of some 
material in the sample which diffuses faster than the average. A fraction- 
ation during the diffusion experiment was proved by a molecular weight 
analysis of the solute remaining on either side of the membrane after the 
experiment. The molecular weights of the diffused and undiffused frac- 
tions were calculated from measurements of the reducing value, Rou. Rex 
is a quantitative measure of the number of reducing end groups in the 
sample, and is inversely proportional to the number average molecular 
weight.* The results of a typical experiment, in which 15% of the LS648- 
A2 was transported across the membrane, are listed in Table V. Although 
the heterogeneity of the working sample is not great enough to show up in 
the Tiselius cell, it could cause the increased value of the diffusion coeffi- 
cient in the fractionating cell. 

The discrepancy between the diffusion values may also be caused by 
leaks in the membrane through which bulk liquid could be transferred. 

* These molecular weight values are usually less, by a factor of 2-4, than the value 


determined by sedimentation and diffusion because of the heterogeneity of most amylo- 
pectin preparations (24). They are useful, however, as relative values of molecular size. 
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Such a transfer of material by viscous flow, often labeled as streaming in 
the literature, would be superimposed upon the normal diffusive flow of 
the molecules. Streaming would be expected from ordinary convection 
principles in a cell like this, where the denser solution is on top, if the pores 
were too big or if there were some mechanical shock to permit passage of 
bulk liquid through the pores. Several precautions were taken to avoid 
leaks. Rotation of the cell, which increased 8 (Eq. 8) (27), also introduced 
streaming. It was found necessary to use a stationary cell mounted firmly 
in the thermostat. The width of the shelf supporting the membrane within 
the cell was found to be crucial. Streaming was observed when a 3” shelf 
_was used. The difficulty was corrected when a 1” shelf was substituted. A 
flat grill support of the entire area of the membrane might be desirable 
for membranes larger than those used in this research. 
A solute with an extremely low diffusion coefficient was used to make a 
sensitive test for streaming. This sample, DDF-3, was obtained by the 


TABLE V 
Fractionation of LS648-A2 


Fraction Per cent of total Rou M 
Original 100 224 3080 
Diffusate 15 238 3280 
Residue 85 216 2970 


alcoholic fractionation of corn amylopectin. Its free diffusion coefficient 
was 0.65 X 10-7, as measured in the Tiselius cell. In such a sample, the 
contribution of streaming to the apparent diffusion coefficient would be 
large compared with the real diffusion coefficient.‘ Diffusion experiments 
with this material in-the metal cell were used to determine an upper limit 
to the influence of leakage in all membranes. A limit in K of 1 X 10-7 was 
considered tolerable for this work. Many steel discs supplied by the 
manufacturer were discarded because they did not meet this requirement. 


RESULTS 


A mixture of two homologous amylopectin samples, LS648A-2 and 
DDF-5, was used to test the experimental procedures of diffusion frac- 
tionation. The diffusion coefficients of these samples measured separately 
in aqueous solution on the membrane cell were 17.9 and 3.1, respectively. 

4It can be shown that the fundamental flow equation (Eq. 7) still obtains for com- 
bined diffusion and streaming, except that the D in that equation becomes an apparent 
diffusion coefficient. It is equal to the real D plus K, where K is the contribution of the 
streaming. K is proportional to the velocity of streaming, if this velocity is assumed to 
be constant, but is independent of the substance diffusing. This treatment is similar to 
that of Hartley and Runnicles (28). 
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The total concentration of solute was determined interferometrically since 
both samples had identical refractive indices. The relative amounts of the 
two in the mixture were determined by measuring the reducing values, 
Rex, of their solutions. In the experiments, summarized in Table VI, the 
“original” mixture was charged into the top (R) compartment of the 
membrane cell. After a prediffusion period, during which a steady state 
was established in the membrane, the bottom solution was replaced with 
fresh solvent. The material which diffused into the bottom compartment 
was the “fraction.” After a fraction of sufficient size was collected, the 
bottom solution was again replaced with fresh solvent. The prediffusion 
stage was omitted and the next stage of fractionation was begun imme- 
diately. A small error existed in applying the equations to this procedure, 


TABLE VI 
Diffusion Fractionation of Mixtures of Amylopectins LS648A-2 and DDF-5 
Compositions of the fractions are given in per cent LS648A-2 (based on total solute). 
Amounts of the fractions are given in mg. of total solute. 


Fraction Composition Amount nine Bae 
per cent mg. 
Original 19.5 364 17.9 3.1 
A 46.8 25.7 17.4 4.1 
Series I B 66.9 20.5 24.2 1.9 
14.2 317.5 
Original 54.4 372 17.9 3.1 
A 88.5 31.2 18.4 1.9 
B 79.4 25.7 18.9 3.4 
Series II C 78.9 29.4 18.0 2.8 
D 73.4 35.0 17.2 2.8 
E 31.7 248 


because the boundary condition for the lower surface of the membrane 
changed suddenly from a finite to zero concentration of solute. As a result, 
some finite time was again required to reestablish a steady state in the 
membrane. If the concentrations in the bottom compartment remained 
close to zero throughout the experiment, the discontinuity could be kept 
small and the error negligible. This could be done by having a large 
volume of the lower compartment and by taking fractions that were small 
compared with the amount of material in the top compartment. 

The last fraction tabulated for each series of experiments was the 
material remaining in the top compartment after all the diffusate fractions 
were collected. The last two columns list the diffusion coefficients of the 
separate components calculated from the analysis of each stage of frac- 
tionation. The calculations were made for each component by the use of 
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Eq. 7 on the assumption that each component diffused independently of 
the other. Except for Fraction B in Series J, these D values agree very 
well with the measurements on the separate components (tabulated on the 
“original” lines), despite the accumulated errors in this type of calcula- 
tion. In this instance, the experiments are satisfactory proof of the inde- 
pendence of the diffusion coefficient of a given substance on the presence 
of homologous substances. This result, however, cannot lead to a general- 
ization about the behavior of chain-like polymers in solution, because the 
amylopectin molecules are branched. 

In the previous experiments, the distribution function of the working 
mixture was known and the diffusion experiments were consistent with the 
known distribution function. These results suggest that diffusion measure- 
ments on an unknown sample might yield information about the distri- 
bution function, even when sharp fractionation is not possible. For this 
purpose, it is necessary to combine several kinds of experiments. The first 
restrictions on the distribution function are set by the average diffusion 
coefficient measured in the fractionating cell. A measurement of some 
physical property of each diffusion fraction further restricts the number of 
possible distributions. In the previous experiments the measured property 
was the reducing value, or the number average molecular weight. The 
average diffusion coefficient is another measurable property of the frac- 
tions. The advantage of a diffusion measurement is that it avoids the 
correlation of diffusion coefficient with another property. 

A scale method diffusion measurement (29) yields not only the average 
diffusion coefficient but also a measure of the heterogeneity of the sample. 
The experimental measurement is the displacement, Z, of a scale line on a 
photographic plate. The displacement is proportional to the refractive 
index gradient (and the concentration gradient) in the diffusion cell. When 
Z is observed as a function of the position x in the diffusion cell, the 
average diffusion coefficient, Do,o, can be evaluated from the second and 
zero moments of the Z-x curve and the equation, 


+00 
ik x’Z dx 
Ae SOs eee : (10) 


t is the elapsed time from the beginning of the diffusion experiment to 
the time at which the scale lines are observed. 


Gralén (30) has shown that Dz,o is a weight average diffusion coefficient 
for systems that are polydisperse. 


De); 
ae genes 11 
D2,0 Le; ) ( ) 
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where. c; and D; are the weights and diffusion coefficients of the individual 
components in a polydisperse sample. 

It is advantageous to transform the experimental Z-x data obtained at 
various times of diffusion to Lamm’s normal coordinates. This eliminates 
time, diffusion coefficient, concentration, and the geometry of the optical 
system as variables (29). These coordinates are defined as 


SY ary aera sea eee (12) 


20 rag 


The maximum value of Y, denoted by Ymaz., is a measure of the polydis- 
persity of a solute. By a method similar to that of Gralén (30), it can be 
shown that Ymaz. depends on the distribution thusly: 


eee Ci 
V 20D 2 
D; 
Vinue: == pp TET OS ig (13) 
ae Ci 
V Doo I Tr 
= 2.00 srw (14) 


Le; 
If the solute is homogeneous, this reduces to 
Fiat. = 2:00. (15) 


These equations were derived with the assumption that each component 
in a mixture diffuses independently. An infinite number of distribution 
functions (set of c;, D; values) can be constructed that fit the given experi- 
mental values Doo and Ymaz.. The number of distribution functions can 
be limited by assembling diffusion data for several samples prepared from 
a single starting material by fractionation. 

A sample of an unknown distribution function was chosen to illustrate 
these methods. The sample, AD 6.0 168, was prepared by Willis by treat- 
ing corn amylopectin with 6.0 N sodium hydroxide for 168 hr. at 25°C. 
(24). Willis showed that alkali causes a degradation of the amylopectin 
molecule. She observed some material that was smaller in molecular size 
than the bulk of the sample in those preparations that were most de- 
graded. The sedimentation constant of the small fraction of AD 6.0 168 
was 6 X 10~* and that for the major portion of the sample was 24 107}. 
These two peaks in the sedimentation diagram showed up sharply against 
a very heterogeneous background. 

The sample was charged into the diffusion cell and fractions were 
collected. The results are summarized in Table VII. Fraction I is the 
residue in the top compartment after all other fractions were collected. 
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The third column lists the free diffusion coefficent, Deo. The fourth 
column lists.the parameter k; which describes the concentration depen- 
dence of D(c) according to: 


D(c) = D(O) [1.+ hic]. (16) 


Reducing values, Rou, were measured for two of the fractions, but could 
not be used for an accurate characterization because of their low order of 
magnitude. 

The Ynaz. values in Table VII are exceptional. They are larger than any 
previously measured in this laboratory, and show extreme heterogeneity 
The range of D2, ¢ values of Fractions B and I is additional evidence for the 
heterogeneity of AD 6.0 168. It is certain that the original sample con- 
tained some material with a D less than 1.56 (Fraction J) and some with a 


TABLE VII 
Diffusion Fractionation of Amylopectin AD 6.0 168 


: lati k. 
Fraction pee sibe D(0) X10’ (g. 7100 ec.) “2 Y maz. Fou 


per cent 


Original 100.0 2.4 0.8 3.32 12 


9.0 4.7 Mee 3.44 


AMmMoOowWoOnP 
o> 
) 


42.2 1.56 1.2 2.94 3 


D greater than 4.7 (Fraction B). It is known from the previous history of 
the sample that all species in the sample have D values between 0.30 and 
20. It can be shown that at least 30% of the original has a diffusion coeffi- 
cient of less than 1.56 by the D and Yaz. values of the original material, 
the known overall limits of D, and the requirements of Eqs. 11 and 14. It 
can also be shown that at least 7% of the original must have a diffusion 
coefficient greater than 4.7 from the D of Fraction B, the relative amount 
of B with respect to the total material, and the requirement of Eq. 7. 
These minimum percentages were calculated independently of each other. 
When the two results are combined, at least 50% of the original is found 
to have a diffusion coefficient less than 1.56 and at least 15% greater than 
4.7. The combined calculations further show that the original sample 
contains some material with a diffusion coefficient less than 0.90 and some 


greater than 5.7. 
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TABLE VIII 
Calculated Distribution Functions for AD 6.0 168 


Da Do Ca cb 

per cent per cent 
Distribution 1 6.81 0.55 26 74 
Distribution 2 8.14 0.59 21 79 


The original sample was represented by a distribution function con- 
taining two sharp peaks. The c,’s and D,’s of the function were selected 
that best fit the experimental data. Two such distribution functions are 
listed in Table VIII. In each distribution, the sample is assumed to be 
composed of just two components, a and b. A comparison is made in Table 
IX between the experimental data and the results calculated on the basis 
of the distribution functions of Table VIII. Neither of the calculated 
functions agrees exactly with experiment, but the discrepancies are not 
large. No improvement was observed when a third or fourth peak was 
added to the distribution function. 

The following assumptions were made in these calculations. (1) The 
component species were assumed to diffuse independently of each other. 
This assumption was probably not too poor for this solvent-solute system. 
(2) The use of a constant average diffusion coefficient was assumed to be a 
fair substitute for a detailed treatment of the concentration dependence. 
This assumption should not lead to serious difficulty since the K, values of 
Eq. 16 were small for the 3 solutions measured. (3) The effect of leakage 
across the membrane was assumed to be calculable by the method des- 
cribed in footnote 4. Although leakage is small in a single membrane 
experiment, its effect is multiplied in successive experiments. This error 
would be small in systems whose D’s are well above the leakage limit of 
the membrane. 

In spite of these limitations, the calculated distributions in Table VIII 
are fair approximations of the true distribution. (The two calculated 


TABLE IX 
Test of Calculated Distribution Functions 


a 
ee aE 


Original Fraction B Fraction I 
D0), Y maz. D0), Y mac. D(0)o9 Y mar. 
Experimental 2.4 3.32 4.7 3.44 1.56 2.94 
Calculated for 2.4 3.32 4.2 3.28 1.23 2.78 
Distribution 1 
Calculated for 2.4 Sia2 4.6 3.46 1.13 2.62 


Distribution 2 


EE a eee 
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distributions do not differ much from each other.) The results agree with 
the observation of two peaks for this material in the ultracentrifuge. Each 
of the two components in the calculated function is really polydisperse, 
but the variation of D within each peak is small compared with the 
difference between the D’s of the two peaks. 


APPLICATION TO COMPLETE FRACTIONATION 


The goal in the previous experiments was the isolation of two compo- 
nents. The goal in a complete fractionation is the separation of a sample 
into a larger number of fractions of graded physical properties. The start- 
ing point of the calculation is Eq. 7. This equation is assumed to be valid 
for each solute component. If a stage of the diffusion fractionation begins 
with zero concentration in the dilute compartment and steady state 
concentrations in the membrane, Eq. 7 reduces to: 


Pe ae (1 4 e-#*) (17) 
and 


c’’ is the concentration in the bottom solution at time ¢; 

c’ is the concentration in the top solution at time ¢; 

Co is the concentration in the top solution at zero time; 
Wee +. V'"/2 : 

= Ve yy 

V’ is the volume of the top solution; 
V” is the volume of the bottom solution ; 
V’” is the free volume of the membrane pores. 


r (19) 


These equations show that a small value of r is required for efficient, as 
well as fast fractionation. V’ is determined by the volume of solution to be 
fractionated. If V’’ is chosen to be 3-10 times V’, a reasonable value of r 
will be obtained, between 0.3 and 0.1. The fractionation efficiencies for a 
polymer of a known distribution function can be calculated from Eqs. 17 
and 18. The known quantities are the # and r of the cell, and the c,’s and 
D’s of the various components. The quantities c’ and c’’ can be calculated 
for the separate components from a given value of 6. The correct value of 
gt for a desired sum of the c” values (a desired percentage cut in the 
fraction) can be calculated by successive approximations. The calculation 
can be applied to a given molecular weight distribution if the dependence 
of D on M is known. 

Calculations were made for a GR-S sample whose distribution function 
was studied by Scott (31). This sample is a typical flexible chain polymer, 
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for which the thermodynamic treatment of Scott (32) and of Flory (33) is 
valid. The function, illustrated in Fig. 2, has a sharp maximum in the low 
molecular range of the distribution curve and a long flat tail that extends 
into the large molecular weight range. The efficiency of fractionating the 
same sample by the thermodynamic precipitation method was also cal- 
culated. Ten fractions, equal in weight, were calculated for both methods 
of fractionation. (In some cases, the last two fractions could not be sepa- 
rated by the diffusion. method because of the geometry of the diffusion 
cell.) In the thermodynamic calculations, the volume of polymer precipi- 
tated in a fraction was 0.001 times the total volume in the two phase 
(Scott’s c = 10-%). This corresponds to an original solution concentration 
of about 1% of polymer. 


Fia. 2. Molecular size distribution function of a GR-S. 


The calculated fractionations are summarized in Table X. my is the 
weight average molecular weight expressed as the number of chain seg- 
ments.° The spread of the m, values in succeeding fractions is a measure of 
the efficiency of fractionation. The diffusion calculations were carried out 
for several assumed values of a (Eq. 2) and r (Kq. 19). 

The table indicates that the thermodynamic precipitation method is 
superior, except in the preparation of the highest molecular weight frac- 
tion. In the precipitation method, the highest molecular weight fractions 
are removed first and are the most poorly defined fractions. The thermo- 
dynamic extraction method corresponds to the diffusion method in that 
the lowest molecular weight fractions are removed first and are the most 
poorly defined. The thermodynamic extraction method is rarely used 


° The molecular weight is about 100 times the m value in flexible organic polymers. 
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because of experimental difficulties (31). Hence, thermodynamic calcula- 
tions were carried out only for the precipitation method. The diffusion 
method has some of the advantages of the extraction method, 7.e., the 
preparation of well-defined large molecular weight fractions, without some 
of the experimental disadvantages. 

The precipitation method of fractionation becomes less useful for 
higher molecular weight materials. Scott (32) and Flory (33) have both 
spoken of the “‘tail-effect,” the contamination of large molecular weight 
fractions with low molecular weight material. Flory indicated that the 
“tail-effect”’ becomes most extreme when the precipitation is carried out at 


TABLE X 
Calculated Fractionations of a GR-S Sample 


Thermodynamic Diffusion 
= a=l a=1 a=0.5 
Fraction ue 10m w r=0.1 r=1 r=1 Fraction 
Mw Mw Tw 

1 .9202 42.9 48.9 10 

2 .0215 42.0 39.8 41.4 35.4 9 

3 .5237 40.0 33.3 33.8 29.1 8 

4 5271 34.6 27.5 29.2 25:2 7 

5 .5330 27.6 22.3 22.9 22.1 6 

6 .5434 18.6 17.6 18.4 19.7 5 

if .5632 11.4 13.7 14.6 NC 4 

8 .0864 6.4 10.7 11.6 16.1 3 

9 6252 3.6 8.4 9.2 14.7 7) 

10 =—— Mee 6.9 7.5 13.6 i 
Original 22.9 22.9 22.9 22.9 Original 


the critical point. This means that extreme dilution is necessary for 
efficient fractionation of very high molecular weight materials. Detailed 
calculations showing the effect of increasing molecular weight on the 
efficiency of fractionation by the precipitation method will be described 
in a forthcoming publication. The efficiency of fractionation by the diffu- 
sion method is practically insensitive to changes in the molecular weight 
scale, since fractionation by this method depends on the ratio of diffusion 
coefficients and not on the absolute magnitudes. Diffusion fractionation 
becomes slightly less efficient with increasing molecular weights because of 


6 The critical point is determined in terms of the concentration of the solution and 
the » value (Huggins’ ») (34) of the solvent. In general, » increases as a precipitating 
agent is added. The critical » value is that value below which phase separation cannot 
take place, however high the concentration of solute. The critical concentration is the 
concentration necessary for phase separation at the critical value of yu. 
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the decrease of the exponent value a (Eq. 2). Although the efficiency of 
fractionation by the diffusion method does not change much with increas- 
ing molecular weight, the time required for the experiments will increase. 
Improvements in the methods of manufacturing metal membranes can be 
expected to shorten the time for diffusion experiments and compensate for 
the effect of increasing molecular weights. 

To summarize the comparison of the two methods, the thermodynamic 
precipitation method is superior to the diffusion method for molecular 
weights to about a million. The diffusion method may have special appli- 
cations for preparing high molecular weight fractions free of low molecular 
weight material. Its fractionation efficiency can be extended by the use of 
continuous flow multiple-unit cells. 

The calculations of diffusion fractionation efficiencies were made on the 
assumption that each component in a solute mixture diffuses indepen- 
dently of the other components. The validity of this assumption can be 
examined in terms of the general behavior of high polymer mixtures. 
Onsager and Fuoss (35), in a strictly formal treatment of the diffusion of 
polycomponent systems, have expressed the diffusive flow of any compo- 
nent as a linear function of the chemical potential gradients of all compo- 
nents: 


AR = — 22 ats, 


; tj dz (20) 


Q,; = c,/f; = concentration divided by frictional coefficient. If 1 ¥ 7, 
Q;; is a generalized coefficient of which a simple physical 
picture cannot be drawn; 

F; is the partial molal free energy; 

x is the distance along the concentration gradient ; 
J; is flow of material per unit area cross section per unit time. 


The number of independent matrix elements, 0,;, is reduced by certain 
symmetry conditions. If these matrix elements were all known, the equa- 
tions for a polycomponent system could be solved. Even in a two-compo- 
nent system, however, there is uncertainty about the term Q,2. The 
experimental tests to secure exact information about the cross terms must 
be postponed until more precise methods of measurement are developed. 

Meanwhile, Onsager’s convenient assumption for dilute solutions may 
be adopted ; namely, that only the @;; terms need be considered (36). The 
thermodynamic treatment of high polymer solutions yields information 
about the free energy gradients, the second factor in Eq. 20. Flory (33) 
and Scott and Magat (37) have established that the partial molal free 
energy of one member of a polymer homologous series depends on both the 
concentration of that particular member and also on the total polymer 
concentration. They express the partial molal free energies of solution of 
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the solvent (component ;) and of polymer of length m: 


AP, = RT [mn vn + (1 ae =) (i So ie nyt: (21) 
AF,, = RT [in Um + (1 — =) (1 — »)m+ pmo | (22) 
Mm, is the number average chain length. 
v is the concentration expressed as a volume fraction. 
Vm and v; can be chosen as independent variables. Then, 
dBm _ ddPn _ Paddy , Pn dry 
dx dx 0, dx’ dum dx 
oes amma hl doy, L dim) 
= RT. {| m (1 =) + 2u mo | ae + a fet (23) 
TE a a ~ peyton ~ 1; and ee = — a es 
n da dx 
dvs 
AOI Me Oe lh aehdteds 
de a da | 1 + 2mm Shae (24) 
dx 
In this equation, v2 is the total solute concentration. If 
Oe 
we Alm, ns, Pm REM | 4: Omi. hy — gi) (25) 
cee en ee fie: Des dx (3 tie 
LX 


then, by reference to Fick’s first law of diffusion which defines the diffusion 


coefficient : 
y= -D&, (26) 
dx 
the diffusion coefficient may be written: 
dv2 
RT shea NS 2a 
Dn = We 1 + 2mm (3 — 4) dm (27) 
dx 


The ratio of the coefficient at a finite concentration to its value at infinite 
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dilution may then be written as: 


dv2 
Dold) FO) 1 + 2m (b— #) Se | (28) 
dx 
For a two-component system this reduces to 
Du = H[1 + 2mm (§ — 1»): (29) 


In a previous publication (38), Eq. 29 was the basis for discussing the 
concentration dependence of D for sharp fractions. The concentration 
dependence of D was measured directly by free diffusion experiments. The 
thermodynamic term was evaluated from osmotic pressure data. Thus, 
fm could be calculated as a function of concentration by elimination. fn, 
was shown to increase with increasing concentration for several samples 
studied in this manner. The assumption that f, is proportional to the 
relative viscosity of the solution was found to be valid only to a first 
approximation. The available data were neither sufficiently exact nor 
sufficiently comprehensive to formulate an exact law for dependence on 
viscosity. The conclusion that f,, increases with increasing concentration 
agrees with the fact that the diffusion coefficients of polymers of low 
molecular weight do not depend greatly on concentration. This also ex- 
plains the discrepancy between the experimental and calculated concen- 
tration dependence of Jullander’s nitrocellulose samples (14). He calcu- 
lated the concentration dependence from the osmotic term alone, without 
allowing for the increase of f,, with concentration. His calculated k, value 
(Eq. 16) was in every case greater than his observed value. No quantita- 
tive test could be made from his data for the variation of f,, with viscosity 
because he did not include viscosity values for the same solvent in his 
paper. 

There is no solution for the set of Eq. 28 in the general case of a multi- 
component system because of the uncertainty of the concentration depen- 
dence of the f,, terms. Two general conclusions can be drawn. (1) The 
molecular weight sensitivity of D is lowered at increasing concentration, 
provided that » is less than 0.5, because the second term in the brackets of 
Kq. 28 is greater for materials with low values of D(0) and high m. (2) A 
solvent with a u value close to 0.5 will avoid the disadvantages of increased 
concentrations. The only disadvantage of changing the solvent is the 
accompanied change in a of Eq. 2. For very large molecular weights, how- 


ever, @ is close to its lower limit of 0.5, regardless of the nature of the 
solvent. 
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If a solvent cannot be chosen with a u value of 0.5, the fractionation 
efficiency may be considerably less than that estimated for infinite dilu- 
tion, as in the calculations for Table X. When the second term in the 
brackets in Eq. 28 is large compared with unity, a reversal of the direction 
of variation of D with M may take place. If the change in frictional coefti- 
cient with concentration depends only on the viscosity of the solution, 
then the hydrodynamic contribution to the concentration dependence of 
D is the same for all components. The concentration at which the reversal 
of the D vs. M relationship occurs can be estimated from the thermody- 

dvg /dvm 


namic term alone. The ratio —2 /— is of the order ~2. Then, if a is 0.5, 
dz/ dz Um 


the reversal will take place for » = 0.48, m = 10%, at v2 = 0.025 (concen- 
tration of 2.5%). If a and uv are the same and m = 104, the point will be at 
ve = 0.0025. If each f,, depends on the contribution of just the m-mer to 
the viscosity of the solution, most of these difficulties will disappear. Each 
component’s hydrodynamic contribution to the concentration dependence 
will tend to counterbalance the thermodynamic contribution. In this case, 
the fractionation efficiency at a finite concentration will not differ much 
from that at infinite dilution. Careful experiments will decide which of 
these two cases more closely represents the hydrodynamic behavior of 
polymer mixtures. Neither the high precision diffusion methods nor the 
sharp fractions, which are necessary for a crucial test, were available in 
the present research. 
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SUMMARY 


A diffusion cell has been constructed with highly permeable stainless 
steel membranes. The cell allows more rapid diffusion than previously 
described glass membrane cells. It is, therfore, suitable for quantity 
diffusion experiments on large molecules. The method of gaseous diffusion 
separation has been modified for use in the fractionation of high polymers 
in solution. Experiments have been performed to demonstrate the partial 
fractionation of mixtures. A method has been proposed for the construc- 
tion of size distribution curves by combining data from free diffusion 
measurements on the fractions obtained by membrane diffusion. Advan- 
tages of the diffusion method over the fractional precipitation method are 
predicted for cases where very large molecular weight fractions free of low 
molecular weight material are desired. 
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INTRODUCTION 


Adsorption isobars of hydrogen on nickel have been studied by Benton 
and White (1), Maxted and Hassid (2), and Iizima (3). In all cases the 
catalysts were prepared from nickel oxide by reduction with hydrogen, 
and isobars typical of “activated adsorption” were found. Maximum ad- 
sorption was observed in the room temperature region, the slow tempera- 
ture-dependent adsorption being 2-4 times higher than the initial fast 
adsorption at liquid air temperature. On supported nickel catalysts 
Griffin (4) found a somewhat smaller increase. Beeck, Smith and Wheeler 
(5), in their work on the influence of crystal structure on the rate of 
ethylene hydrogenation over evaporated metal films, did not observe a 
large difference in the amount of adsorption of hydrogen on nickel at 
liquid air and at room temperatures on films which had been deposited 
at room temperature. Moreover, they found, in contrast to previous 
studies on reduced oxide catalyst, that the hydrogen adsorption on nickel 
films was practically instantaneous, both at room and at liquid air 
temperatures, indicating a very low activation energy. The upper limit 
of the activation energy was given by the time required to make the first 
measurement after admitting the gas, and was estimated to be not more 
than a few hundred cal./mole. 

The striking discrepancy between the behavior of reduced nickel 
oxide and evaporated nickel films has found a ready explanation through 
more recent experiments? which are presented in this paper. Briefly, 
hydrogen adsorption isobars at 0.1 mm. Hg pressure were measured on 
evaporated nickel films over the temperature range of — 196°C. to 400°C. 
with the main result that the shape of the isobar can be controlled at will 
by controlling the degree of sintering of the film. Films produced at 23°C. 
give flat isobars with little increased adsorption between — 196° and 23°C., 
while films sintered at 200—-400°C. give isobars similar to those found on 


1 Now with E. I. du Pont and Company, Experiment Station, Wilmington, Delaware. 
2 Briefly reported before the Am. Assoc. Advancement Sci. Catalysis Conference at 


Gibson Island, June, 1946. 
ibson Island, : sie 


506 0. BEECK, A. W. RITCHIE AND A. WHEELER 


nickel catalysts obtained by reduction of the oxide. The results suggest 
that recent experiments by Taylor and Shou-Chu Liang (6, 7) on the 
adsorption of hydrogen on zinc oxide may deserve reexamination in the 


light of these findings. 
EXPERIMENTAL 


The experimental technique for producing the evaporated metal 
films has previously been described in detail (5). The films used in these 
experiments were evaporated onto a glass surface at room temperature 
and were subsequently heated to the desired sintering temperature. The 
isobars reported here were measured on films evaporated in high vacuum. 
A few experiments were also made with oriented films produced in 1 mm. 
pressure of nitrogen. For details see reference (5). 


RESULTS 


In Fig. 1 are shown isobars at 0.1 mm. pressure for hydrogen on high 
vacuum-evaporated nickel films for films presintered in vacuum at room 
temperature, 200°C, and 400°C. Measurements were started at liquid 
nitrogen temperature ascending to the temperature of sintering and then 


SORPTION MOLECULES H2/100 mg x 107'® 
° 


‘=200 -100 0 100 200 300 400 
TEMPERATURE °C 


Fie. 1. Sorption isobars of hydrogen at 0.1 mm. Hg pressure on evaporated nickel 
films presintered at various temperatures. A: Presintered at 23°C. ; B: Presintered at 
200°C.; C: Presintered at 400°C. (Although this film was presintered in high vacuum at — 
400°C. for 4 hr., additional sintering apparently occurred on reheating in the presence of 
hydrogen. The dotted line indicates the curve to be expected with decreasing tempera- 
ture if no additional sintering had occurred.) 
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again descending to liquid nitrogen temperature. Curve A shows the 
hydrogen isobar for a film sintered at 23°C, Starting at —196°C. the 
adsorption increases as the temperature is raised, and decreases slightly 
again at room temperature. When the film is cooled back to-— 196°C., the 
adsorption increases again slightly. The effect is much more provourcal 
in films sintered at 200°C., as shown in Curve B. Increasing the tempera- 
ture from —196° to 200° and decreasing it again to —196°C. shows a 
final adsorption which is larger by a factor of 3 over the initial adsorption, 
which was decreased by a factor of 10. The ascending branch of the curve 
shows a pronounced maximum near 23°C. The points on the ascending 
branch of the curve are not true equilibrium points. It is, therefore, be- 
lieved that with longer waiting time this maximum would have occurred 
at somewhat lower temperature. While, for instance, at —78°C., enough 
time was allotted to obtain most of the slow adsorption which took place 
at this temperature, the rate of adsorption became ultimately so slow that 
it did not seem justifiable to jeopardize the experiment by lengthy waiting. 
At —196°C. the adsorption is practically instantaneous. On the descend- 
ing branch of curves, adsorption was found to be fast at all temperatures, 
and equilibrium was obtained within a few minutes. 

It is obvious that we are dealing here with two distinctively different 
types of “sorption.” The word sorption is used advisedly, because we 
shall show in the following that the slow type of sorption is not ‘‘ad- 
sorption” in the customary sense of the word. There are several compell- 
ing reasons why this slow sorption must be regarded as absorption or 
solution into the interior of the structure. 

1. It is seen in Fig. 1 that the difference between the adsorption at 
—196°C., as obtained initially, and the sorption found at —196°C. after 
obtaining the isobars decreases little with temperature of sintering, while 
the initial adsorption at —196° decreases rapidly with temperature of 
sintering, films sintered at 23°C. having about 10 times the adsorption 
of films sintered at 200°C. and about 175 times the adsorption of films 
sintered at 400°C. Since the sorption is given in molecules per weight of 
film, the slow sorption appears to be dependent on the weight of the film 
rather than on the surface available for fast adsorption. This was also 
borne out by comparing isobars for metal films evaporated in vacuum and 
in Imm. of nitrogen. As was reported previously (5), the films produced in 
1 mm. of nitrogen were oriented and had a surface for fast adsorption 
twice as large as the nonoriented high vacuum films for the same film 
weight. The small slow adsorption, however, was found to be equal for 
both films, indicating a weight effect rather than a relation to the fast 
adsorption. 

2. It was already shown previuosly (5) that for oriented and un- 
oriented films sintered at higher temperatures the CO adsorption at room 
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temperature decreased proportionally to the activity for hydrogenation 
of ethylene. More recent experiments in these laboratories have shown 
that the surfaces of films sintered at various temperatures and measured 
by the Brunauer-Emmett-Teller method. using van der Waals’ adsorption 
of krypton at —196°C. decrease also proportionally to the decrease in 
activity for hydrogenation of ethylene at room temperature. Thus, both 
the relative chemisorption of CO at room temperature and the van der 
Waals adsorption of krypton are measures for the surface available for 
hydrogenation of ethylene. The same is true for the fast adsorption of 
hydrogen at —196°C., so that also the relative hydrogen adsorption at 
—196°C. is a direct measure of the surface available for the activity of 
sintered films. In Fig. 2 data for catalytic activity, CO adsorption at 


1.0 
0.8 
0.6 
04 


0.2 


Q 
ie) 100 200 300 400 
°C SINTERING TEMPERATURE 


Fie. 2. Correlation of catalytic activity with adsorption and the surface area. (The 
ordinate represents fraction of respective values obtained for films sintered at 23°C.) 
O Catalytic activity for hydrogenation of ethylene (] Fast CO adsorption at 23°C. 
no bek H, adsorption at —196°C. @ Surface by B.E.T. method using krypton at 


23°C., surface area by the B.E.T. method using krypton at —196°C. 
and the fast hydrogen adsorption at —196°C. are plotted against the 
temperature at which the various films were sintered. All quantities are 
taken as unity for films sintered at 23°C. 


DIscussIon 


The experiments reported indicate that the previously observed slow 
“adsorption” of hydrogen on nickel is not adsorption but is “sorption” 
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of hydrogen into positions inaccessible to CO, Kr, and the fast hydrogen 
adsorption at — 196°C. and also inaccessible to ethylene. While the slow 
sorption of hydrogen may be due to solution in the crystal lattice, the 
process is probably more complex since the effect is about 1000 times 
larger than the reported solution of hydrogen in bulk nickel (8). One may 
speculate that the effect is due to sorption of hydrogen into the interfaces 
between the crystallites which form the larger particles of the sintered 
structure. The hydrogen atoms may be small enough to penetrate into 
these interfaces, whereas molecules such as ethylene and carbon monoxide 
are unable to assume these positions. If this latter explanation were right, 
it would remain to be explained why the interfaces in the agglomerate of 
erystallites do not increase more rapidly with sintering than the experi- 
ments indicate. It is also possible that the reported solubility data may 


10.0 


SORPTION IN cc 


q 
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TEMPERATURE °C 


Fic. 3. Sorption isotherms on reduced nickel catalyst plotted from the data of 
Maxted and Hassid (2). (Catalyst was degassed at 250°C. before making-measurements). 
@ H; adsorption at 10~? mm. when catalyst was contacted with H» at —190°C. and then 
evacuated prior to raising the temperature. 


have been vitiated by sorption of the type reported in these experiments, 
and it is therefore of little value to speculate further whether the phe- 
nomenon is one of true solution or of a pseudo-solution into regions of 
crystal imperfection. 

The hitherto unexplained discrepancy between the behavior of 
evaporated metal films and nickel catalysts prepared by reduction from 
the oxide are satisfactorily explained by the present experiments. The 
earlier work of Maxted and Hassid (2) had as its main objective the 
measurement of the slow adsorption of hydrogen. Had Maxted and Hassid 
plotted their data in the form in which we have plotted them in Fig. 3, it 
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may have become evident much earlier that the “activated adsorption” 
of hydrogen on nickel is actually a sorption of hydrogen into the interior 
of the structure. It is seen from Fig. 3 that their results show great 
similarity to those obtained with sintered evaporated nickel films. 


SUMMARY 


1. Measurements of isobars for the adsorption of hydrogen at 0.1 mm. 
pressure on evaporated nickel films sintered at various temperatures show 
that the ratio of slowly sorbed hydrogen to rapidly adsorbed hydrogen 
increases with the sintering temperature of the film. 

2. It has been shown that the slow “activated adsorption” of hydrogen 
on nickel, which has been previously observed by several investigators, is 
not adsorption but is slow sorption of hydrogen into the interior of the 
metal structure. 

3. Sites which are occupied by hydrogen which is slowly sorbed into 
the interior of the metal structure are not accessible to chemisorption of 
carbon monoxide or van der Waals’ adsorption of krypton, nor are they 
accessible to ethylene. 

4. The very fast adsorption (chemisorption) of hydrogen at liquid 
nitrogen temperature is a true measure of the surface available for 
chemisorption of CO and for van der Waals’ adsorption of krypton and 
for surface reactions such as the hydrogenation of ethylene. 

5. The experiments and conclusions by Taylor and Shou-Chu Liang 
(6,7) regarding “The Heterogeneity of Catalytic Surfaces for Chemi- 
sorption,” parts I and II, may deserve reexamination in the light of the 
present experiments because of the possibility that their observed slow 
adsorption is also not adsorption but sorption into the crystal structure 
and thus noncontributing to catalysis. 
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INTRODUCTION 


The data on a number of physical properties of aqueous solutions of 
colloidal electrolytes have accumulated during the past few years. Too 
often, however, these data are obtained at a temperature which happens 
to be convenient for the particular measurement involved, e.g., osmotic 
coefficients at 0°C., surface tensions at room temperature and conductiv- 
ity measurements at room and higher temperatures. It therefore ap- 
peared worth while to select two typical but quite different colloidal 
electrolytes for which a number of types of data are extant, and to study 
the variation of one property over the complete temperature range of 
interest. To this end potassium laurate and lauryl sulfonic acid were 
chosen for study by conductivity measurements from 0°C. to 90°C. 


EXPERIMENTAL MrtTHop 


Conductivities were measured at 1000 or 2000 cycles with a Dyke- 
Jones bridge and an oscilloscope detector. The cells were of Pyrex. glass 
at 0°C. and 25°C.; measurements at higher temperatures were made in 
Jena glass cells. Platinized platinum electrodes were used throughout. In 
the experiments at 0°C. and 25°C. the cell constant was determined at 
both temperatures, and the concentrations of the solutions, which were 
made up by weight, were calculated from experimentally measured 
densities. From experience at these temperatures, it was felt to be suffi- 
ciently accurate at higher temperatures to neglect any change in cell 
constant with temperature and to assume the solution densities to be the 
same as those of water at the same temperatures. Measurements were 
carried out at 0.00+0.01°C, 25.000+0.005°C, 50.00+0.02°C, 70.00 + 
0.02°C., and 90.0 + 0.1°C. An oil thermostat was used for all measure- 

1 This study was conducted under a contract between the Office of Naval Research 


and Stanford Research Institute, Professor J. W. McBain, Supervisor. 
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ments except those at 0°C., in which case crushed ice in a large Dewar 
flask was found to be satisfactory. 


MATERIALS 


The lauryl sulfonic acid was from a sample prepared by M. Synerholm. 
Since this material picks up water very rapidly, the concentration of the 
stock solution was determined by titration. The potassium laurate solu- 
tions, which were from a Kahlbaum preparation of potassium laurate 
made especially for Professor McBain, were overneutralized with about 4 
Eq.-% excess KOH to suppress hydrolysis. In calculating results, the 
theoretical conductivity of the excess base was subtracted from that ob- 
served on the assumption that the two electrolytes are without influence 
on each other. This introduces no error at concentrations where colloid is 
fully formed, as shown by McBain and collaborators (1,2,3,). The distor- 
tion at intermediate concentrations is much less than that which would 
result from hydrolysis. It is well known that the presence of added electro- 
lytes will tend to lower the critical concentration for micelles, but if the 
potassium hydroxide acts as other potassium salts, it can be calculated 
from the results of Corrin and Harkins (4) that the error so introduced in 
the critical concentration is only about 1%, which is within experimental 
error. 

The conductivity water was distilled from a Barnstead conductivity 
still through block tin condensers and had a specific conductivity of less 
than 10-* mho/cm. at 25°C. In the most dilute solution tested, the water 
correction was 0.2%, but in other solutions it was negligible. 


RESULTS AND Discussion 


The conductivity results for lauryl sulfonic acid are given in Table I, 
and those for potassium laurate in Table II. 

Figs. 1 and 2 show a plot of the specific conductivity vs. the concentra- 
tion for lauryl sulfonic acid and for potassium laurate, respectively. As 
Wright et al. (5) have already pointed out, such a plot gives two nearly 
straight lines of different slope whose intersection may be defined as the 
critical concentration by conductivity. Similar lines result if the refrac- 
tive index (6), density (7), and osmotic concentration (8) are plotted 
against the concentration and serve to define the critical concentrations 
as determined by these methods. In theory there cannot be a true dis- 
continuity in the slopes since there is no phase change, but in practice 
enough molecules seem to be involved in the aggregation to make the 
concept of a critical concentration as a point, rather than a range, a useful 


one for straight chain colloidal electrolytes of moderately high molecular 
weight. 
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TABLE I 


Conductivity of Lauryl Sulfonic Acid Solutions at Several Temperatures 
eeS633N0703—#0—#€80—0—=—@—0=—wawo3O39O9nmg#swyoQ_OSwaO Ceo 


Temp. Cone. Specific cond.¢ < 103 Equiv. cond. 
°C. moles/1. 
0 0.0915 8.22 89.8 
0.0522 5.07 96.9 
0.03673 3.96 107.7 
0.02513 3.19 126.8 
0.01651 2.68 162.0 
0.01191 - 2.40 201.2 
0.00781 . 1.745 223.0 
0.00517 1.172 225.9 
0.003383 0.767 226. 
25 0.0915 14.00 153.1 
0.0522 8.09 155.1 
0.03673 6.17 168.0 
0.02513 4.83 192.5 
0.01651 3.91 237. 
0.01191 3.43 288. 
0.00781 2.745 351. 
0.00517 1.845 354. 
0.003383 1.210 358. 
50 0.0899 19.39 215.7 
0.0470 10.92 232.2 
0.02526 7.14 282.6 
0.01363 5.29 _ 388. 
0.00632 3.11 492. 
0.003100 1.538 496.5 
70 0.0595 16.91 284.1 
0.02975 10.34 347.2 
0.01487 7.33 493. 
0.00892 5.09 570.5 
0.00594 3.41 573. 
0.002975 1.728 580.8 
90 0.0886 29.53 333.4 
0.0465 18.03 387.9 
0.0458 18.00 393. 
0.02988 13.89 465. 
0.01788 10.79 603. 
0.01422 9.24 649. 
0.00576 3.79 659. 
0.002109 1.414 670. 
0.000705 0.462 678. 


* Corrected for conductivity of the water. 


The critical concentrations by conductivities, which can be read from 
these Figs. 1 and 2 to about 5%, are given in the second column of Table 
III and are plotted in Fig. 3. The Table also compares the critical concen- 
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TABLE II 
Conductivity of Potassium Laurate Solutions at Several Temperatures 


Conc. Specific cond. X 108 Equiv. cond.? 
°C, moles/l. 
0 0.3817 9.7 25.4 
0.2014 4.92 24.5 
0.1869 3.46 25.3 
0.0957 2.595 27.1 
0.0894 2.52 28.1 
0.0638 2.030 31.9 
0.0423 1.624 38.3 
0.03925 1.576 40.1 
0.02875 1,224 42.7 
0.01777 0.780 43.9 
0.0113 0.497 44.6 
25 0.3817 19.1 50.0 
0.2014 9.67 48.1 
0.1369 6.56 48.0 
0.0957 4.73 49.6 
0.0894 4.54 50.8 
0.0638 3.50 55.0 
0.0423 2.67 63.3 
0.03925 2.62 66.9 
0.02875 2.16 75.7 
0.01777 1.455 82.0 
0.0113 0.932 83.8 
50 0.2546 23.22 79.6 
0.1165 10.67 79.9 
0.0697 6.87 87.1 
0.0552 5.78 93.1 
0.03560 4,231 107.3 
0.02416 3.263 123.3 
0.01192 1.735 133.9 
0.00585 0.866 136.8 
70 0.1233 15.17 108.8 
0.0617 8.55 124.6 
0.03701 5.98 147.3 
0.02470 4.47 166.8 
0.01233 2.343 175.8 
0.00493 0.958 180.0 
90 0.0978 16.34 150.0 
0.0489 9.68 181.2 
0.03914 8.18 192.1 
0.02642 6.02 210.9 
0.01957 4.66 221.3 
0.00978 2.234 211.5 


¢ Corrected for conductivity of the water. 
> Further corrected for conductivity of excess KOH. 
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trations obtained here with those obtained from dye spectra (9,10), re- 
fractive index (6), osmotic coefficient (11,12,13,14), and surface tension 
(15). It may be seen that, on the whole, the different methods agree 
approximately within their respective limits of experimental error. The 
notable exception to this is the refractive index results for potassium 
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Fig. 1. Specific conductivity vs. concentration of lauryl sulfonic acid. 


laurate above room temperature (6), from which a much higher critical 
concentration is reported than that obtained by the other methods. 
Kolthoff and Stricks (20) have determined the critical concentration of 
potassium laurate from dye solubilization at 30°C. and 50°C., and find 
little change with temperature in this region. 

The unexpected aspect of the conductivity results is the decrease in 
critical concentration as the temperature is raised from 0°C. to room 
temperature—this decrease is slight for lauryl sulfonic acid, but quite 
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Fie. 2. Specific conductivity vs. contentration of potassium laurate. 
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Fie. 3. Critical concentration vs. temperature for lauryl sulfonic acid and 
potassium laurate. 
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TABLE III 
Potassium Laurate—Critical Concentration < 10? 


Temp. Conductivity Dye spectra Refractive index Osmotic coefficient 
cc: 
0 3.5 + — 3.5 
25 2.4 2.15-2.35 2.55 2.0-2.7 
50 2.0 2.072 3.27 2.0-2.5 
70 2.2 —— >4.20 — 
90 3.1 aaa pasa hia 


' Interpolated. 
Lauryl Sulfonic Acid—Critical Concentration X 10? 


Temp. Conductivity Dye spectra Surface tension Osmotic coefficient 
oC; 
0 1.00 0.95 —— 1.05 
25 0.85 0.75 0.79 SS 
50 0.95 —— — eo 
70 1.20 —— — == 
90 1.55 —_—— —_— = 


‘~ 
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Fig. 4. Equivalent conductivity vs. the square root of the concentration 
for lauryl sulfonic acid. 
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pronounced for potassium laurate. Above 50°C. the critical concentration 
of both colloidal electrolytes increases with temperature in a manner to 
be expected from results with other similar compounds in the same tem- 
perature region (5,17,18). 

Figs. 4 and 5 give the conductivity results for lauryl] sulfonic acid and 
potassium laurate in terms of the usual plot of equivalent conductivity 
against the square root of the concentration. At all temperatures the 
curves are typical for straight chain salts of moderate molecular weight in 
that the equivalent conductivity in dilute solutions approximates that of 
an ordinary uni-univalent electrolyte until the critical concentration is 
reached, whereupon the equivalent conductivity falls rapidly with in- 
creasing concentration. The actual locations of the breaks were taken 
from Figs. 1 and 2. The data permit reasonable estimates of the conduc- 
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Fia. 5. Equivalent conductivity vs. the square root of the concentration 
for potassium laurate. 
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Fic. 6. Conductivity ratio, a, vs. log concentration for lauryl sulfonic acid 
and potassium laurate. 


tivity at infinite dilution, except in the case of potassium laurate at 90°C., 
where, because of scattering of the points, the line below the critical 
~ concentration was simply drawn with the theoretical slope. Taking the 
mobility of potassium ion at infinite dilution as 40.4, 73.6, 114.8, 150 and 
186.4 at 0°, 25°, 50°, 70°, and 90°C., respectively; that of the laurate ion is 
8 at 0°, 19 at 25°, 30 at 50°, 39 at 70° and 46 at 90°. 

It is instructive to examine the variation of a, the ratio of the equiva- 
lent conductivity at a given concentration to that at infinite dilution, 
with concentration and with temperature. Below the critical concentra- 
tion, a shows only the minor variations to be expected from the influence 
of temperature on Debye-Hiickel-Onsager effects. A plot of a vs. the 
logarithm of the concentration is given in Fig. 6 for concentrations above 
the critical. The logarithmic type of plot was chosen because, at a given 
value of a, the slope is arough measure of the rate of agglomeration with 
increase of concentration as may be seen from the equation: 


da? dL ‘as 
dInc Ade 


Qa; 


where L denotes the specific conductivity at concentration c, and Ap is the 
equivalent conductivity at infinite dilution. From Fig. 6 the following 
general trends may be noted: (a) the relative decrease in conductivity is 
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greater for lauryl sulfonic acid than for potassium laurate. (b) Despite 
the previously noted complicated dependence of the critical concentration 
on temperature, at concentrations where colloid is fully formed (approxi- 
mately 10 times the critical) the value of a increases in a regular manner 
with temperature. This is in accord with the results from vapor pressure 
measurements of potassium laurate solutions from 35 to 105°C., made by 
O’Connor (19) at the Stanford laboratories. (c) As reflected in the initial 
slopes of the curves, the rate of colloid formation with increase in concen- 
tration does not change rapidly with temperature, but there appears to be 
a slight decrease in the absolute value of the slope as the temperature is 
increased. 


SUMMARY 


1. Conductivity curves for aqueous solutions of two colloidal electro- 
lytes, lauryl sulfonic acid and potassium laurate, were determined at 0°, 
25°, 50°, 70°, and 90°C. 

2. The critical concentrations, as determined by conductivity, pass 
through a minimum in the neighborhood of room temperature. A com- 
parison of the critical concentrations determined here with those deter- 
mined by other methods shows approximate agreement with all except 
those reported for refractive index of potassium laurate at elevated temper- 


atures. 
3. The variation of the conductivity ratio, a, with temperature is 
briefly discussed. 
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INTRODUCTION 


In a recent paper on the effects of interfacial adsorbed films on the 
rate of diffusion of molecules across an oil-water interface (6) it was 
postulated that the role of the film was not merely that of a sieve, but 
rather that it imposed an energy barrier on the diffusing molecule due to 
the interaction of the diffusing molecule with the film molecules. This 
appeared to be borne out by the observed large effect of the shape and 
nature of the diffusing molecule on the rate of diffusion through the film. 
At that time no information was available as to the number of molecules, 
either of the film material or of the diffusing molecules in the film at any 
time. 

Previous work (7,8) has shown that the number of molecules in the 
film may be calculated in the case of only one solute in the solution. The 
present paper describes the determination of the number of molecules in 
the interfacial film composed of more than one solute component, 7.e., 
a case essentially similar to that encountered in the diffusion experiments. 

The experiments described here consisted of placing a solution of 
n-octyl alcohol in benzene in contact with a solution of sodium dodecyl 
sulfate in water and studying the interfacial tension of the system as a 
function of the concentrations of the two solutes. In the previous work (6) 
sodium cetyl] sulfate was used to form the interfacial film, but there were 
some doubts as to its purity. For quantitative investigation, it was clearly 
desirable to use asample of sodium dodecy] sulfate, the high purity of which 
was fairly well established by experiment. n-Octy] alcohol was used since its 
behavior at a benzene-water interface, in the absence of a solute in the 
aqueous phase, was known, and freezing point data of its solutions in 
benzene were available (7). 


EXPERIMENTAL 


Measurements of the interfacial tensions were made by means of the 
sessile “bubble” method (2,3,7) described in earlier papers and no further 
1 Bristol Myers Postdoctorate Fellow and Research Associate in Chemistry. Present 
address: Chemistry Department, Fordham University, New York 58, N. Y. 
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description will be given here. The apparatus was not thermostated, but 
the laboratory temperature during the experiments remained in the 
region of 23° + 1°C. The densities of the solutions of alcohol in benzene 
were known from earlier unpublished work, and the densities of the 
dilute solutions of sodium dodecyl sulfate were taken as being the same 
as that of pure water. Experiments were carried out using both distilled 
water and conductivity water to prepare the aqueous solutions, and no 
significant difference could be observed. Attempts to check the results 
by means of the drop-volume method (5) failed, owing to the poor re- 
producibility of the method for this system. This may be ascribed to the 
aging which occurs during the first 20-30 min. from the beginning of the 
experiment. 


RESULTS 


Interfacial tensions are recorded in Table I for solutions of n-octyl 
alcohol in benzene against a number of aqueous solutions of sodium 
dodecyl sulfate. In Fig. 1 the interfacial tension is shown as a function 
of the freezing point depression @ of the benzene solutions, and in Fig. 2 
as a function of the mean mole fraction of the sodium dodecyl] sulfate. 


30 OCTYL ALCOHOL IN BENZENE 


Ly) 
[o) 


INTERFACIAL TENSION ¥ DYNES/CM 
° 


FREEZING POINT DEPRESSION @ 


1-0 2:0 3-0 


Fig. 1. Interfacial tension of solutions of octyl alcohol in benzene against aqueous 
solutions of sodium dodecyl sulfate as a function of the freezing point depression of the 
solution. Curve 1. Octyl alcohol vs. water. Curve 2. Octyl alcohol vs. 1.0 X 1074 Af sodium 
dodecyl sulfate. Curve 3. Octyl alcohol vs. 2.5 X 10-4 M sodium dodecyl sulfate. Curve 3 
Octyl alcohol vs. water 5.0 X 1074 Mf sodium dodecyl sulfate. Curve 5. Octyl alcohol ve 
7.5 X 10-4 M sodium dodecyl sulfate. Curve 6. Octyl alcohol vs. 10.0 « 10-4 M soananh 
dodecyl sulfate. 
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¥~N, SODIUM DODECYL SULFATE IN WATER 


INTERFACIAL TENSION Y DYNES/CM 


MOLE FRACTION OF DETERGENT NyIO° 

Fig. 2. Interfacial tension of solutions of sodium dodecy] sulfate against solutions of 
octyl alcohol in benzene as a function of the mean mole fraction of the detergent Ns. 
Curve 1. Sodium dodecyl sulfate vs. benzene. Curve 2. Sodium dodecyl sulfate vs. 0.075 M 
octyl alcohol solution. Curve 3. Sodium dodecy] sulfate vs. 0.142 M octyl alcohol solution. 
Curve 4. Sodium dodecyl sulfate vs. 0.315 M octyl alcohol solution. Curve 5. Sodium 
dodecyl sulfate vs. 0.63 Af octyl alcohol solution. Curve 6. Sodium dodecyl sulfate vs. 
1.26 Af octyl alcohol solution. 


DYNES/CM 


20 


FILM _ PRESSURE F 


AREA PER MOLECULE [ANGSTROMS]” 
Fic. 3. Force-area curves of films adsorbed at a benzene water interface. Curve 1. 
Sodium dodecyl sulfate alone. Curve 2. A mixed film containing both octyl alcohol and 
sodium dodecyl sulfate. Data taken from section D of Table I. Curve 3. Octyl alcohol 


alone. 
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Included in Table I are the respective surface-excesses of the alcohol 
and the detergent calculated as described below. 


DISCUSSION 


The surface excesses of the various components of the system may be 
calculated as follows.2 The system benzene + octyl alcohol | | water 
+ sodium dodecyl] sulfate may be regarded as approximating to a par- 
ticular example of the generalized system. 

Phase® (x* components) | | Phase® (x® components), in which a and 6 
are mutually insoluble phases, and all the «*, «? are volume components, 
there being no components which are purely surface components. (In 


TABLE I 


Interfacial Tension of Solutions of Octyl Alcohol in Benzene against Aqueous 
Solutions of Sodium Dodecyl Sulfate 


Dynes /cm. G.-mol. X1071/cem?. 


Moles:ale./ |) Moles-NalSe/ (2572 ee | See ee eee A 
liter liter Area 
te F re rf r 

A 1.26 — 15.1 20.0 0 7.52 7.52 21.5 
0.63 — 18.0 NZ (at 0 6.24 6.24 26.4 
0.315 — 21.1 14.0 0 5.30 5.30 By | 
0.142 — 26.5 8.6 0) 3.04 3.04 55.0 
0.073 — 29.5 5.6 0 2.12 2.12 78.0 
0 — 35.1 7 0 0 = — 

B 1.26 1x10 14.4 20.7 0.23 4.58 4.81 34.2 
0.63 16.4 18.7 0.27 4.71 4.98 33.2 
0.315 18.0 ral 0.35 3.28 3.63 45.5 
0.142 23.4 nh rs 0.47 1.80 2.27 72.8 
0.073 23.5 11.6 0.53 1.15 1.68 98.5 
0 25.1 10.0 0.66 0 0.66 250.0 

Cane 26 2.5 X10 12.5 22.6 0.32 4.35 4.67 35.3 
0.63 14.9 20.2 0.32 3.91 4,23 39.0 
0.315 15.9 19.2 0.45 3.02 3.47 47.6 
0.142 18.1 17.0 0.65 1.38 2.03 81.2 
0.073 20.9 14:2 0.67 1.13 1.80 91.8 
0 24.4 10.7 0.75 0 0.75 220.0 

D 1.26 5.0 10~4 Del 24.0 0.37 4.19 4.56 36.0 
0.63 : 13.8 21.3 0.56 3.49 4.05 40.8 
0.315 15.1 20.0 0.66 2.99 3.65 45.3 
0.142 18.1 17.0 0.77 1.75 2.52 65.5 
0.073 20.1 15.0 0.87 1.08 1.95 84.5 
0 23.0 12.1 0.99 0 0.99 167.0 


* The author is greatly indebted to Dr. F. O. Koenig for this theoretical analysis. 
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TABLE I—Continued 
QaN6C0uqNqCgoa —NwT@xq$*7>?*0S>SaSa0oaooooooeeeeeeeeeoononau€uunsS 


Dynes/cm. G.-mol. X107-1°/em.? 
Moles ale./ | Moles NaLS«/ A 
liter liter Serre ie tae ke Area 
¥ PF re rf r 

EF 1.26 (Girlie. 10.8 24.3 0.55 4.13 4.68 35.2 
0.63 11.9 23.2 0.84 3.26 4.10 40.2 
0.315 13.8 21.3 0.99 2.70 * 3.69 44.8 
0.142 16.4 18.7 1.15 1.43 2.58 63.8 
0.073 17.5 17.6 1.30 0.94 2.24 73.8 
0 19.4 15.7 1.49 0 1.49 } 111.0 

F 1.26 1.0X107 9.65 25.4 | 0.74 3.46 4.14 39.9 
0.63 10.1 25.0 Paul 2.89 4.00 41.2 
0.315 11.0 24.1 1.32 2.37 3.69 44.8 
0.142 14.1 21.0 1.53 1.38 2.91 56.9 
0.073 15.2 19.9 1.73 1.00 2.73 60.5 
0 Ato 17.2 1.98 0 1.98 83.2 

G 0 5.01073 5.00 30.4 4.50 = 4.50 36.5 
0 2.5 X 1073 9.98 25.1 2.78 — 2.78 59.5 
0 1.5107 16.20 | 18.9 (3.18) — 3.18 (57.5) 
0 1.0107 17.9 17.2 1.98 a 1.98 83.3 
0 7.5X10-4 19.7 15.4 1.49 — 1.49 111 
0 5.01074 23.0 12.1 0.99 — 0.99 166 
0 2.5 X10 24.4 10.7 0.75 > 0.75 219 
0 1.01074 25 9.4 0.66 —= 0.66 249 


2 NaLS = sodium dodecyl sulfate. 
> = surface excess of sodium dodecyl sulfate. 
¢ = surface excess of octyl alcohol. 


the particular system under investigation the two phases are not strictly 
mutually insoluble, but the approximation is good.) 


Out Oue™ ( ay ) 
a I Os) HSS meted fe Pi ; 1 
ONo%% nr ON 2% 4 Z ON 2% T.P. ( ) 
ON 8 eons oN 8 plies ON 2f / 7...’ (2) 


where component 1* = water, 

where component 2% = sodium dodecyl sulfate, 
where component 1° = benzene, 

where component 26 = n-octyl alcohol. 


r,%, Pe*, 18, 28 are the surface excesses (g./mole cm.”) of components 
1%, 2x, 18, 26, respectively. Ni%, Neos, Ni’, N2® are the mole fractions of 
components 14, 22, 18, 2°, respectively, (N24 being the mean mole fraction 
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of the sodium dodecyl sulfate), 41%, “2%, “1°, w2® are the chemical poten- 
tials of components 12, 2%, 18, 2°, respectively, and y = interfacial ten- 
sion. The complete solution for all 4 unknowns requires a normal conven- 
tion, to fix the position of Gibbs’ surface. The equation used in this case is 


AotT 94 -- ABT Foo 4- AST Boo = ie (3) 
where A2* = area/g. mol. of component 2%, 
A,® = area/g. mol. of component 1°, 


Af = area/g. mol. of component 2°. 


This equation, which is closely analogous to that of Guggenheim and 
Adam (4), is the expression of a hypothesis as to the physical nature of the 
adsorbed film. It implies that the film is monomolecular and contains no 
water molecules. This latter condition is speculative, while the assump- 
tion that the film is monomolecular seems justified by previous work (7). 

The choice of an equation such as the above is arbitrary, and, provided 
the equations are dimensionally correct and contain only observable 
intensive variables, an infinite variety of such equations may be written 
to determine uniquely the position of the Gibbs surface. However, while 
such a convention is arbitrary, it may embody a hypothesis as to the 
physical nature of the film. The value of the results arising from the use 
of such a convention must be judged entirely from the reasonableness of 
the derived data and the correspondence with data obtained by other 
methods. For example, the close agreement between the force-area curves 
for fatty acids obtained from a study of insoluble films and from soluble 
adsorbed films lends sound physical support to the reasonableness of the 
common “Gibbs” convention of writing Twater = 0 in dilute solutions of 
fatty acids. 

Previous work (7) led to the conclusion that the hydrocarbon chains 
of the film molecules are entirely in the benzene so that the values to be 
assigned to the areas A2*, Ai’, Ao’, are unambiguous, viz., the areas ob- 
tained from close packed insoluble films. Since the convention defines 
T\2™) = 0 we have 


a OY 
Bed oi SS A ete ee . 
ON 2% Ai ( ON 2%, \,¥ (4) 


and, since the work of McBain and Johnston (10) shows that, at the 
concentrations used, the sodium dodecyl sulfate behaves approximately 
as an ideal uni-univalent electrolyte, we may write 


2RT OY 
atu) = — pS 
Nosy 2 ( ON 2% is, (5) 


where N2*, = mean mole fraction of the sodium dodecyl sulfate. 4° is 
readily calculated from the slopes of the. y ~ N 2%, curve. To be quite 
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exact, since the convention places the Gibbs surface in the physical 
boundary layer the value of P.*™ calculated in this way should be cor- 
rected by a small factor 


AT 2% = Ax: C2%4, 


where C2*, = concentration of the detergent in moles/ml. ~ 10-8 
moles/ml. arid Ax = length of the detergent molecule ~30A. Hence 
AT2*™ ~ 3 X 10713 g.-mol./cm.? which is negligible. 

With the known values of T'.*™, and employing Eqs. 2 and 3, values 
for T18™ and T24™ may be obtained, but the following approximation 
was made to facilitate the calculations. Inspection showed that I',.*™ is 
relatively small, being of the order 0.8 ~ 1.5 X 10-° g.-mol./cm?. 
Hence we may write approximately 


APT Pm + APT Bm = J, (6) 
instead of 
AT Fo + AST SH = 1 — Agel 2, (7) 


Since A2* ~ 0.12 X 10'° cm.?/g.-mol. the right hand side of Eq. 7 will 
have values ranging from 0.96 to 0.82 instead of unity, and the error 
involved will vary from 4% to 18%. Large errors are only involved in the 
case of very dilute solutions of octyl alcohol, in which case T2*™ ~ 1.5 
X 10° g.-mol./cm.? 

Using the approximate solution, the calculation of I'1° and I. follows 
exactly the methods described in the earlier paper (7,8), v7z., 


ie B(1) = NYP De oy 

5 NY L-T 06’ 
T,8@ 

(Kaip) =) eee 

De 1 == N&/N YP 


where L = latent heat of fusion of benzene-ergs/mole, 
T) = freezing point of benzene, 
@ = freezing point depression of the solution, 
T = temperature of experiment. 


APT bo™) + NF 


BC) pee eee 
Pe AGN a, AN 


(8) 
Values obtained in this way are given in Table I, and in most cases 
the error introduced by approximation is less than 10%. 
An exact solution to the problem involves the knowledge of the differ- 
ential ( a ) (9). While this information is at present lacking, it seems 
T.N. 
reasonable to assume that it would be small, and as this present work is 
primarily exploratory only the simplest approximation has been used 
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throughout. The area per molecule in the mixed film is given by 


1 1 
Praca ee 

As in the case of mixed adsorbed films at an air-water surface, the 
purity of materials is a critical factor in these experiments. The sodium 
dodecyl sulfate used is known to be of a high degree of purity. Aging 
at an air-water surface was almost entirely absent, and the results were 
in fairly good agreement with those of Miles and Shedlowsky (11). At 
oil-water interfaces against pure oils no aging beyond the first 2 or 3 min. 
was ever observed. In contact with solutions of octyl alcohol in benzene, 
which themselves showed no signs of aging against pure water, solutions 
of sodium dodecyl sulfate aged slightly, ca. 1-2 dynes/cm. during the 
first 20-30 min., and thereafter remained at constant interfacial tension 
for periods up to 2 days. It therefore seems probable that orientation and 
rearrangement at a benzene-water interface takes appreciably longer 
than at an air-water surface. 

Examination of Table I shows that, as in the case at an air-water sur- 
face, the octy] alcohol generally forms the major portion of the inter- 
facial film, but that, in order to achieve this, the concentration of alcohol 
in the benzene phase must be very much higher ( = r ~ 50-1000 ) than 
that of the detergent in the water. Hence, it should follow that, if the 
probable impurity in sodium dodecy] sulfate is dodecyl alcohol, the effect 
of the impurity, in the equilibrium interfacial film, should be very much 
less than is the case at air-water surfaces, since experiment has shown that 
the chain length of the solute in the benzene has practically no effect on 
adsorption (7). However, it is very doubtful whether true equilibrium is 
attained in normal practice with impure solutions of sodium dodecyl 
sulfate. Since minima are reported for interfacial tension, as well as for 
surface tension (12), it seems probable that the free alcohol goes to the 
interface along with the sodium dodecyl sulfate, but that it interacts 
strongly with the detergent molecules in the film and does not pass 
through the interface to its equilibrium position in the bulk benzene 
phase at any measurable rate. 

Experiments were carried out in which 40 ml. benzene were shaken 
vigorously with 40 ml. of sodium dodecyl sulfate solution containing an 
added 0.1% of dodecyl alcohol. The initial interfacial tension was com- 
pared with that obtained after the system had been shaken, and the 
resultant emulsion broken in a centrifuge. Even for periods of shaking 
extended to 24 hr., there was no such increase in interfacial tension as 
should have resulted if the free alcohol had attained equilibrium distri- 
bution between the benzene and water. 
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As in the case of mixed films at an air-water surface, the mixed films 
at the benzene-water interface appear to have properties intermediate 
between those of the two pure solute components. In all cases, the area 
at high compression is between those for the pure materials and neither 
in the force-area curves nor in the slopes of the respective interfacial 
tension-concentration curves is there any evidence indicative of com- 
pound or complex formation. 
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SUMMARY 


Measurements have been made of the interfacial tensions of aqueous 
solutions of sodium dodecyl sulfate against solutions of octyl alcohol in 
benzene. By the application of the Gibbs adsorption theorem approximate 
calculations have been made of the surface excess of alcohol molecules 
and detergent molecules in the mixed adsorbed interfacial film on the 
assumption that this film contains no water molecules. The suggestion is 
made that, for systems in true equilibrium, the effect of oil-soluble -im- 
purities in the sodium dodecyl] sulfate should be less than in correspond- 
ing experiments at air-water surfaces. 

The properties of the mixed adsorbed films are intermediate between 
those of the two pure components. 
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FILMS AT OIL-WATER INTERFACES. III 


Eric Hutchinson! 


From the Department of Chemistry, Stanford University, Calif. 
Received July 21, 1948 


INTRODUCTION 


In previous papers (7,8) data were presented for the force-area curves 
of fatty acids and alcohols in films adsorbed at'a number of oil-water inter- 
faces ; the data were obtained by the application of the Gibbs Adsorption 
Theorem to the interfacial tensions of solutions of the acids and alcohols 
in the oil phase. In this paper similar data are presented for films ad- 
sorbed from aqueous solutions of sodium dodecyl sulfate in contact with 
a number of oils. 

EXPERIMENTAL 


The interfacial tensions were measured by means of the sessile bubble 
method (2,4,5,7) and no further description will be given here except 
that, in the case of two of the oils which had a density greater than that 
of water, the sessile bubble was formed in an inverted cup instead of the 
hanging tube used for liquids less dense than water. Measurements were 
~ carried out at 23° + 1°C. 

Values of the freezing point depression of the solutions necessary for a 
solution of the Gibbs equation were taken from the paper of McBain and 
Johnston (11). 

RESULTS 


Data for the interfacial tensions of aqueous solutions of sodium do- 
decyl sulfate against benzene, cyclohexane, chlorobenzene, and nitro- 
benzene are given in Table I. Graphs of the interfacial tension as a func- 
tion of the freezing point depression of the aqueous solution, for the same 
systems are given in Figs. 1-4, and in Fig. 5 calculated force-area curves 
for the adsorbed films are given. 

The surface excess of sodium dodecy] sulfate I was calculated as in 
previous papers (7,8) from the equation, 

N. st T OY 
T= Wy L-T 06’ (1) 
1 Bristol Myers Postdoctorate Fellow and Research Associate in Chemistry. Present 
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= mean mole fraction of the sodium dodecyl sulfate, 
mole fraction of water, 

freezing point of water, 

T = temperature of experiment, 

latent heat of fusion of water, ergs/mole, 
interfacial tension, dynes/cm, 

freezing point depression of the aqueous solution. 


nar 
Hot 


eae ww 
| || 


The calculations involve the assumption that the bulk solute is soluble 
only in one phase, the aqueous phase, and that the two liquid phases are 
immiscible. It is not known whether the detergent is appreciably soluble 
in the benzene relative to the low concentration in the aqueous phase. 
The benzene and water only approximate to the condition of immisci- 
bility. The solutions used were dilute, the maximum concentration being 
7.0 X 10-3 M, so that the values of I given by the various normal con- 


TABLE I 
Interfacial Tension of Sodium Dodecyl Sulfate Solutions 
r 
Molality F.P. depn. Nez Y dy/d8 | g.-mol./ Aa F Product 
NaLS¢ 6x<1073 X10-5 |dynes/cm.| X10¢ ta oe Area |dynes/cm. FA. 
Against benzene 
1.0107 18.0 4.7 30.4 
5.01073 17.0 9.02 5.0 6.0 4.50 36.5 30.1 1110 
4.01073 14.15 7.20 6.7 28.4 


2.5 X 1073 9.0 4.51 9.9 7.4 2.78 59.5 25.1 1490 
15X10 } 5.55 2.70 16.2 9.9 3.18 57.5 18.9 1080 


1.010-3 3.75 1.80 17.9 14.2 1.86 88.5 17.2 1520 
5.0104 1.85 0.902 | 23.0 18.5 1.38 | 114 12.1 1380 
2.5104 0.95 0.451 | 24.4 24.6 0.92 | 129 10.7 1380 
1.010~ 0.30 0.18 25.7 39.0 0.58 | 283 9.4 2670 
0 0 0 35.1 0 == — a5 


Against cyclohexane 


7.0 10-3 20.0 12.6 5.3 11.6 | 12.2 13.6 45.9 625 
5.01073 17.0 9.02 9.0 11.6 8.68 19.0 42.3 800 
3.31073 11.8 6.00 15.1 11.6 5.78 28.7 36.2 1040 
2.5 X 1073 9.0 4.51 17.9 12.5 4.68 35.2 33.4 1180 


1.510 5.55 2.70 24.2 14.7 3.30 50.0 27.1 1320 

1.01073 3.75 1.80 25.0 18.5 2.78 59.5 26.3 1560 

5.0104 1.85 | 0.902 | 27.9 35.8 2.68 62.0 23.4 1450 

rs x10 0.95 0.451 | 35.9 70.2 2.62 63.0 15.4 970 
= Ss 51.3 Se = — 
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TABLE I—Continued 
—6—eeeaeaeaeaeoeeoeeeoeoqoqoq=O=O Oa—S—S=~<~_~_—_— ee 


y 
Molality F.P. depn.| No dy/a0 | g.-mol. A2 ii : 
NaLSe 6X1073 «10-5 agnecvont cs “ema / Area reeGan Peres 
x10-19 
Against chlorobenzene 
7.01073 20.0 12.6 4.3 &3 5.54 29.8 31.9 950 


5.01073 17.0 9.02 5.6 6.2 4.64 35.6 30.7 1090 
3.3 X10 11.8 6.00 9.4 9.0 4.48 36.8 26.9 990 


2.51073 9.0 4.51 | 125 | 118 | 452 | 365 | 238 | 9870 
1.5X10-3 5.55.1 2,70 4. 17.7 (18.701 78.08. | 54.08 18.6. | 1000 
1.0 10-8 345-1 130.19 19.8.) 160. 2.38.1, 669.04) 166. -|,-1140 
5.0X10-4 1O5 |. O002\h 241.2350. 1.'262 fa. 48.00! 12,2. |. 70 
0 2 eee oe = a8 = ve 


7.01073 20.0 12.6 5.8 6.3 6.58 25.0 19.1 480 
5.0 X10 17.0 9.02 5.4 6.3 4.70 35.0 18.9 660 
3.3 X 1073 11.8 6.00 10.3 6.3 3.08 54.0 14.7 850 


2.5 X1073 9.0 4.51 12.2 6.7 2.46 67.0 12.9 865 

15X10 5.55 2.70 15.2 8.6 1.92 85.5 eo) 840 

1.01073 3.75 1.80 16.3 10.0 1.68 98.0 8.8 865 

5.010 1.85 0.902 | 20.6 23.9 1.85 | (85.0) (4.5) (385) 
— — — 25.7 


2 NaLS = sodium dodecy] sulfate. 


ventions T®, r™, Tr, of Guggenheim and Adam (6) are practically 
identical. 
DIscussIOoNn 

In previous papers (8,9,10) the purity of the sodium dodecyl sulfate 
has been discussed and it was concluded that the specimen probably con- 
tained less than 0.05% of impurity. At an air-water surface, aging was 
practically absent, and the same was true in the present case, except 
in the experiments with nitrobenzene where the interfacial tension de- 
creased by about 1-3 dynes/cm. in the first two hr. or so, after which no 
appreciable decrease occurred. It therefore appears likely that the nitro- 
benzene contributed some impurity. 

The interfacial tensions quoted in the tables are equilibrium values 
obtained after a minimum time of two hr. 

From Fig. 5 it will be seen that, over the small range investigated, the 
adsorbed films of the detergent appear to be of the “gaseous” type, as 
would be expected for a strong electrolyte such as sodium dodecy] sulfate. 
However, the large variations in the (force X area) product show that 
deviations from true gaseous behavior are quite large. The values of the 
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Fic. 1. Interfacial tension for benzene-aqueous solutions of sodium dodecyl sulfate 
as a function of the freezing point depression of the solution. 
50) 
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Fia. 2. Interfacial tension for cyclohexane-aqueous solutions of sodium dodecy 
sulfate as a function of the freezing point depression of the solution. 
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Fic. 3. Interfacial tension for chlorobenzene-aqueous solutions of sodium dodecyl 
sulfate as a function of the freezing point depression of the solution. 
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Fic. 4. Interfacial tension for nitrobenzene-aqueous solutions of sodium dodecyl 
sulfate as a function of the freezing point depression of the solution. 
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50 100 15) 
AREA PER MOLECULE [AnostRoMes 
Fic. 5. Force-area curves for adsorbed films of sodium dodecyl sulfate. 1. Cyclo- 
hexane-water interface, 2. Benzene-water interface, 3. Chlorobenzene-water interface, 
4, Air-water surface, 5. Nitrobenzene-water interface. 


product range between 500 and 2000 for the various interfaces; these are 
much larger than the usual value of about 400 observed for nonionized 
“gaseous” films on water (1). Alexander and Teorell (3) find a value of 
the force-area product of about 720 for sodium cetyl sulfate spread at a 
benzene water interface. 

The effects of the type of solvent on the properties of the interfacial 
film are large and appear to be in the same order as for adsorbed films of 
fatty acids and alcohols, viz., the films are more condensed at nitrobenzene 
interfaces than at chlorobenzene, cyclohexane, or benzene interfaces 
against water, indicating that the polar group of the oil molecule con- 
tributes to the lateral adhesion in the film. 

In earlier papers the suggestion was put forward that lateral adhesion 
in films at oil-water interfaces is likely to be greater, rather than less, 
than is the case at air-water surfaces, since the hydrocarbon chains of the 
surface active molecules are entirely in the oil phase. A higher degree of 
lateral adhesion in the film would render the film more condensed at oil- 
water interfaces than at air-water surfaces. This appeared to be the case 
for the fatty acids, which at 25° and 40°C. gave curves of the expanded 
type even for homologues as low as butyric acid, whereas, at air-water 
surfaces at 15°C., the films are approximately “gaseous” up to the Cio 
homologue. 
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No corresponding data were available for alcohol films adsorbed on 
water; Traube’s investigation of the alcohols were carried out only as far 
as amyl alcohol, so that no direct comparison of behavior at air-water and 
oil-water surfaces was possible. The force-area curve of octyl alcohol 
adsorbed on water has recently been obtained (9), and it is found that 
octyl alcohol is considerably more condensed at an air-water surface 
than at a benzene-water interface. Only in the case of nitrobenzene- 
water interfaces is the alcohol more condensed than on water. 

Similar results are here obtained for adsorbed films of sodium dodecyl 
sulfate. At benzene-water and cyclohexane-water interfaces the de- 
tergent film is considerably more expanded than on water. For chloro- 
benzene-water the film properties are closely similar to those on water, 
and at a nitrobenzene-water interface the film is more condensed than 
on water. 

Hence, it would seem that the author’s earlier generalization is in- 
valid, and that the question of whether condensation or expansion of a 
film occurs in changing from an air-water to an oil-water interface de- 
pends both on the nature of the oil and of the film material. 


ACKNOWLEDGMENT 

The author wishes to express his thanks to Prof. J. W. McBain, F.R.S., for constant 
encouragement and advice. 

SUMMARY 

Measurements have been made of the interfacial tensions of aqueous 
solutions of sodium dodecyl sulfate against benzene, cyclohexane, chloro- 
benzene, and nitrobenzene by the sessile bubble method. 

Calculations have been made of the number of molecules of solute 
adsorbed in the interface on the basis of a monomolecular film, and force- 
area curves for the adsorbed films of detergent are given. It is shown 
that, at a nitrobenzene-water interface, the detergent film is more con- 
densed than on a water surface, but that at benzene-water and cyclo- 
hexane-water interfaces the film is more expanded. At a chlorobenzene- 
water interface the film properties are similar to those on water. The films 
appear to be imperfect ‘‘gaseous”’ type films over the range investigated. 
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TISELIUS ELECTROPHORESIS APPARATUS AT 20°C 
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From the Davy-Faraday Research Laboratory of the Royal Institution, London 
Recewed August 2, 1948 


One of the important contributions of Tiselius (1) to electrophoretic 
technique was his suggestion to use 4°C. as a working temperature. While 
this enabled higher potential. gradients than had been previously per- 
missible to be applied across the protein boundary it imposed some re- 
strictions on the materials which could thus be analyzed—the chief 
restriction being that of solubility. Some proteins, notably of globulin 
type, have a very low solubility (<0.5 g. in 100 cc.) at or below 4°C., 
especially near their isoelectric points, in the usual buffers employed in 
electrophoretic work of ionic strength between 0.02 and 0.40. Since, for 
accurate electrophoretic analysis, concentrations should preferably be of 
the order of 1.0 g. protein in 100 cc. buffer, the examination of such pro- 
teins at 4°C. offers difficulty. In certain cases, for example, the proteins of 
the ground nut, the solubility is increased when the temperature is raised 
to 20°C., and it becomes possible at this temperature to prepare solutions 
for accurate analysis over wider ranges of pH and at pH’s closer to their 
isoelectric point. For this reason, we have reverted to the older idea of 
electrophoresis at or about 20°C. 

Experimentally electrophoresis at 20°C. offers considerable advan- 
tages. No refrigeration is required, condensation of water vapor on the 
thermostat windows is avoided, and thermostatic control can be accu- 
rately achieved with standard technique. On the other hand, much bio- 
logical material is not stable at 20°C. for the period of time required for 
the initial dialysis—a minimum of 30-40 hr.—and solutions of stable 
proteins (e.g., serum proteins) are more prone to bacterial action. However 
as will be shown, materials which are stable in solution for several days 
at 20°C. can be successfully analyzed electrophoretically at this temper- 
ature (see Fig. 2). An outline will be given of the factors involved by this 
change from 4° to 20°C. and a detailed comparison will be made of anal- 
yses at the two temperatures. 


Thermal Convection. Its Detection and Effects 


The separation of protein components of differing mobilities by mi- 
gration in an electric field is hindered by the normal process of diffusion 
539 


540 Pp. JOHNSON AND E. M. SHOOTER 


which gradually broadens the initially sharp boundaries. It is advanta- 
geous, therefore, to use strong electrical fields and permit the boundaries 
to migrate over considerable path lengths and at high velocities so that 
the effect of diffusion on each boundary is kept small. The field strengths 
permissible are limited, however, by the unavoidable Joule heating effect 
which gives rise to a temperature gradient across the channel of the tube, 
the temperature reaching a maximum along its axis. 

For a given liquid under a standard set of conditions the temperature 
and its gradient will increase as the field strength is raised. For temper- 
atures above that of maximum density the density of the liquid will thus 


be lower at the axis than at the periphery, and a vertical circulation of the: 


liquid within the channels of the U tube will tend to occur. If the density 
differences between axis and periphery are large, the convection currents 
will be sufficient to disturb, or even completely break up the boundary. 
Boundaries between solvent and solution owe their stability to the change 
of density across them and it follows that larger applied potentials are 
possible for the higher solute (7.e., protein) concentrations. 


Detection of Convection 


Convection effects are first noticed at the edges of the schlieren peaks, 
either as a sharpening of the smooth Guassian curves or by the appearance 
of very sharp, small subsidiary peaks. This effect may be obtained at both 


(a) (b) 


t. 2. mam 


— 
DESC DESC 


Fic, 1. Figure illustrating the effect of convection. (a) 1.3% Bovine serum albumin 
in phosphate buffer, pH 7.82, ionic strength 0.10. Migrated for (i) 176 min.; (ii) 482 min. 
at 3.0 volts/cm. at 20°C. (b) 0.58% Bovine serum albumin in phosphate buffer, pH 7.96, 
ionic strength 0.10. Migrated at 4°C. for 12 hr. at 3.75 volts/em. giving a symmetrical 
peak. Further migrated for 2 hr. at 7.75 volts/em. to obtain the above photograph. 
Note: All photographs are (except where stated) direct prints from the original photo- 
graphic plate. 


° and 20°C. as indicated in Fig. 1, a higher potential being required at 
4°C. The ultimate effect is to destroy the boundary, but under certain 
conditions (e.g., 1% gum arabic in phosphate buffer, pH 7.98, ionic 
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strength 0.10, potential 5.0 volts/em. at 20°C.) an apparent stabilizing 
action may be observed and the boundary migrates unchanged, with little 
diffusion, throughout. 


Electrophoresis at Low Temperatures 


To enable relatively high potential gradients to be used without con- 
vection, Tiselius, in 1937, introduced the rectangular section U tube to 
allow more efficient removal of heat, and conducted his experiments near 
4°C. to minimize the density changes arising from unavoidable tempera- 
ture differences. He found that a field strength of 7 volts/em. could be 
conveniently used in experiments with serum while Alvarez-Tostado (2), 
using 0.5% sucrose to give a standard boundary, stated that no convection 
occurred in experiments lasting 10 hr. if the total wattage (Ez) in the 
apparatus did not exceed the value 6.0. 

The calculations of Longsworth and MacInnes (3), based on the 
equations of Mooney for cylindrical tubes, show that differences of tem- 
perature between axis and periphery in normal electrophoretic experi- 
ments at 25°C. may amount to 0.65°C. with a corresponding density 
change of 1.8 X 10-‘. At the temperature of. the maximum density of the 
buffer solution, this density change would become zero and no boundary 
disturbance could occur. However, under conditions such that the tem- 
perature change, as calculated from the above equations, was 0.66°C. 
(conductivity of buffer 0.01 mhos., current density 1.6 X 10-? amps. cm.~?) 
with a density change at 20°C. of 1.4 X 10-4, the boundaries formed with 
0.6-0.8% protein solution moved at 20°C. for 10 hr. without convectional 
disturbance. If, therefore, these temperature differences do arise, the re- 
sulting density changes are too low to produce convection. 


Electrophoresis at 20°C. 


For reasons previously stated, the thermostat temperature was main- 
tained at 20°C. and controlled to +0.003°C. This latter condition is 


d : 
dictated again by the finite value of = (where p=density of solvent) at 


20°C. and prevents appreciable fluctuations of density within the U tube 
due to thermostating. Anticipating the results of this section, it was found 
experimentally that the field strength at 20°C. had, in general, to be 
lower by a factor of 3 from that at 4°C. Thus, for specific conductivities 
between 0.0020 and 0.0150 mhos., the maximum potential which could be 
applied across the boundary was 2.5 volts/cm. for a 1% protein solution 
and 2 volts/cm. for a 0.5% solution. Under these conditions boundaries 
migrated successfully for long periods as illustrated in Fig. 2 and in the 
experiments contained in the following sections. 
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Fic. 2. Solution of ground nut globulins precipitated at pH 5.0 from 6% NaCl 
extraction. Phosphate/NaCl buffer, pH 6.90, ionic strength 0.10. Protein concentration ~ 
0.65%. Potential 1.8 volts/em. Figures alongside each photograph denote the time (in 
min.) from the start of the migration. The “‘centimeter’’ length refers to the actual path ~ 
length traversed in the cell. 


Mobilities of Proteins 


The mobility of a protein molecule has, in general, been observed to be 
independent of the field strength under which it is migrating (4) (within 
the defined limits) if the working temperature is between 0° and 4°C. This 
criterion should hold also at 20°C., and Table I indicates the mobilities of 
the substance gum arabic at 20°C. under the various applied potentials. 
Gum arabic appears essentially homogeneous under the conditions given 
and has been used previously in this type of investigation (5). Table II 
contains data on fractions of the ground nut globulins under two poten- 
tials only. The constancy of the gum arabic mobility under field strengths 
up to 4.85 volts/cm. is evident. It must be noted, however, that migration 
under field strengths greater than 2.70 volts/cm. was not free from convec- 
tional disturbance. 
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TABLE I 


Gum arabic migrating in phosphate—NaCl buffer, pH 7.80, ionic strength 0.10 
—ee—esaoonneeeSSS=SaSsSsSSSSS 


Mobility x 104 em.? volt-1 sec-1 


Cone. of solute Field strength 
Desc. Asc. (apparent) 
volts/cm 
1.10 (1.06) +0.03 1.29 +0.03 
1.55 1.15 1.39 
2.00 i ETS) 1.30 
1 A 
% 2.70 1.16 13 
3.60 1.24 1.35 
4.85 1.20 1.33 
2.00 1.18 1.27 
Oe /e 2.70 1.22 1.29 


The limitation of field strength at 20°C. would alone involve, for 
1 given protein, a longer time of migration over a particular path 
ength at 20°C. than at 4°C. approximately by the factor 3, which 
imits the applied potential. Fortunately, there occurs’ an increase of 
nobility with increase of temperature. The mobility of a protein molecule 
inder ordinary conditions of electrophoretic analysis is inversely propor- 
ional to the viscosity of the solvent (buffer) in which it is migrating. Thus, 


TABLE II (a) 


Solution of ground nut globulin, precipitated by 40% (NH.4)2SOu from 6% NaCl extract, 
migrating in NH;/HCI buffer, pH 9.56 (18°C.), tonic strength 0.10 


Mobility X 104 cm.? volt7! sec! 


Conc. of protein Field strength 
Desc. Asc. (apparent) 
pare volts/cm. Shee 
0.8% 1.35 0.89 1.03 
1.0% 2.10 0.87 0.99 


TABLE II(b) 
Solution of ground nut globulin, precipitated at isoelectric point from 6% NaCl extract, 
migrating in NH3/HCI buffer, pH 9.56 (18°C.), ionic strength 0.10 


Mobility 104 cm.? volt7 sec! 


Cone. of protein Field strength 
Desc. Asc. (Apparent) 
volts/cm. 
0.4 % 1.20 0.93 1.03 


0.66% 1.80 0.94 1.04 
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the mobilities of proteins at 4° and 20°C. should differ only by a factor 
which is the ratio of the viscosities at 4° and 20°C. Table IIT gives a com- 
parison of mobilities at these two temperatures for 3 different proteins. 
Since the exact temperatures within the U tube are not known, the agree- 


TABLE III 
Mobilities of proteins at 4° and 20°C. 


ee | ou on 
a | Mobility at 20°C. Viet eee 
f Buff H iscosity H2O, 5 
Pepto bay - Viscosity H2O, 4°C. 


Desc. ecto) 
Human serum Phosphate, 7.15} 0.61 0.63 
albumin ionic strength 0.20 
Human fibrinogen Phosphate, 7.15 0.64 0.62 0.64 
ionic strength 0.20 
Ground nut glo- | Borate—NaCl, 
‘bulin ppt’d at }| ionic strength 0.10} 8.99} 0.70 0.69 


isoelectric point 


ment may be considered satisfactory—viscosities of water used in the 
table vary little from those of dilute salt solutions. Thus, the limitation of 
applied potential is partly compensated by the increase in mobility (by 


the factor = 1.55) at higher temperatures. The time of migration 


1 
0.645 
over a particular path length at 20°C. is, therefore, now reduced from 3 


’ 3.0 ; . ; , : 
times to 155 or approximately twice the time required at 4°C. This 


added time of migration directs attention to the diffusion of protein 


boundaries. 
Diffusion of Protein Boundaries 


The diffusion coefficients of macromolecules are proportional to the 
absolute temperature and inversely proportional to the relative viscosity, 
both factors leading to an increase of diffusion at 20° as compared with 
4°C. Fig. 3 gives a series of calculated schlieren curves of a diffusing 
boundary 1.5, 3, 6, 12, and 24 hr. after formation at the two temperatures 
4° and 20°C. A high diffusion coefficient (low molecular weight globular 
protein) has been chosen as a basis for calculation; in practice the change 
in diffuseness at corresponding times will probably be less for most pro- 
teins. Thus, the relative diffuseness of this protein boundary after migra- 
tion over the same path length at the two temperatures may be judged 
from the horizontal lines of the figure. The additional spread of a bound- 
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(a) (6) 


12 2g 


Fic. 3. Calculated schlieren curves for a diffusing protein boundary. (a) At 4°C. 
Dot = 6.1 X 10-7 cm?./sec. (b) At 20°C. Do® = 10 X 10-7 cm.*/sec. Figures by each curve 
denote the time (in hr.) from formation of boundary. 


ary migrating at 20°C. (assuming electrical homogeneity) causes difficulty 
only when individual components have like mobilities and the maxima of 
the schlieren peaks remain close. In Fig. 4 a comparison is made of the 
separation of protein components at the two temperatures. It has been 
assumed that the two components of slightly different mobilities have 
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equal concentrations and diffusion coefficients (Do? = 10 X 1077 cm.?/ 
sec.). In Fig. 4(a) it has been further assumed that these two components 
after migration for 6 hr. at 4°C., achieve a separation of the peak maxima 
of 0.54 cm. This separation is just adequate to construct the Gaussian 
curves of the individual boundaries and determine their relative concen- 
trations accurately. At 20°C. the boundaries will have migrated exactly 
the same distances in approximately 12 hr. and Fig. 4(b) illustrates how 


(a) 
es 
0.54 em, 
(6) (c) 
> —_——> 
0.54 em. 0. Shem. 


Fic. 4. Equal concentrations of similar protein components migrating (a) at 4°C. 
and (b) and (c) at 20°C. In (a) and (b) migration has occurred over the same path length, 
occupying approximately 6 hr. at 4°C. and 12 hr. at 20°C. (c) shows larger distance re- 
quired for the separation of the two components when diffusion is more rapid. Do” = 10 | 
< 10-7; Dot = 6.1 X 107 cm.?/see. 


little apparent separation has occurred and the greater difficulty in assign- 
ing the correct areas to each boundary. 

A protein whose mobility at 20°C. is 1.0 X 10-* cm.? volt sec will, 
under normal electrophoretic conditions at this temperature (7.e., poten- 
tial gradient 2.0 volts/cm.), migrate 8.60 cm. in the 12 hr. If this repre- 
‘sents the faster component, then the slower will have migrated 8.06 cm. 


and will indeed have a mobility at 20°C. of = xX 10-* = 0.94 K 10> 


cm.” volt! sec.—!. This component is well differentiated from the faster at | 
4° but not at 20°C. To enable an accurate estimate of the relative areas 
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ASC 
—p 
DESC 


Fie. 5. Solution of ground nut globulins precipitated at pH 5.0 from a 6% NaCl 
extract in phosphate buffer, pH 7.15, ionic strength 0.04. Protein conc. ~ 0.65%. Time of 
migration 284 min. Potential 1.8 volts/cm. 


to be made at 20°C. the peak maxima of the two components have to be 

separated by 0.90 cm. as in Fig. 4(c). In this case the mobility of the 
TAO 

slower component becomes aoe? 0.90 < 10-4 cm.? volt“ sec"!. Thus, 

electrophoresis at 20°C. is not particularly suited to the analysis of mix- 

tures of proteins of like mobility since here (e.g., as in Fig. 5) no attempt 


(b) (a) 


A A 
= a —-> 
dg DESC DESC 
ste | | 
— 
Ase ASC 
A- ALBUMIN 


$ — FIBRINOGEN 


Fic. 6. Migration of a mixture of human serum albumin and fibrinogen, approxi- 
mately 0.60% each. Fibrinogen contaminated with 6- and y-globulins. Phosphate buffer 
(pH 7.7, cf. gal. ionic strength 0.20), plus citrate to prevent clotting. (a) Migration at 
20°C. for 183 min. Potential 1.55 volts/cm. (b) Migration at 4°C. for 154 min. Potential 
3.2 volts/cm. Note: Photograph of ascending boundary at 4°C. was not suitable for a di- 


rect print. 
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can be made to assign relative concentrations to the components. This 
short discussion has been restricted to conditions where it can be assumed 
that boundary anomaly effects are small. 


Analysis of Mixtures at 4° and 20°C. 


A sensitive comparison of electrophoresis at 4° and 20°C. is provided 
by an analysis of a particular mixture of proteins at the two temperatures. 
The mixtures used comprised approximately equal concentrations of 
human serum albumin and fibrinogen (0.6% each), the latter being con- 


taminated with small quantities of 6- and y-globulins. All conditions of — 


the two experiments, except temperature, were identical. The resolution 
of the 4 components took place at 20°C. exactly as at 4°C. (except that, 
in both cases, the y-globulin did not completely separate from the small 
6- and e-anomalies), see Fig. 6. In addition, the relative concentrations 
(as determined by relative areas and assuming an identical specific re- 
fractive increment for all components) of the two components (fibrinogen, 
B- and y-globulin considered as one component) showed satisfactory 
agreement at the two temperatures (Table IV). The scatter indicated in 


TABLE IV 
Ratios of the components (fibrinogen + B- + y-globulin to albumin) at 4° and 20°C 


4.0°C. 20.0°C. 


wh 
— 
oS 
J 
ere 
_ 
_ 
—_ 
i=) 
—_ 
rr 
iw) 
SS 


Mean value 1.14+0.03 1.14+0.04 


the ratios of the 2 components, a maximum of 8% about the mean, falls 
within the experimental error, since individual areas can usually only be 
determined to within 5-10%. 
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SUMMARY 


Li While, in general, electrophoresis at or below 4°C., involving rapid, 
and hence highly effective, separation of protein components, is to. be 
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preferred, insolubility of some proteins at these temperatures necessitates 
an increase in the working temperature to 20°C. 

2. It has been found experimentally that the field strengths permissi- 
ble at 20°C. are smaller by a factor of 3 than those possible at 4°C. 

3. The corresponding increase in time of migration over a particular 
path length is partly offset by the decrease in viscosity and subsequent 
increase in mobility. Diffusion is greater at 20°C. than at 4°C. but becomes 
important only when components have like mobilities. 

4. Analysis of a known mixture of proteins gave identical results for 
their distributions at the two temperatures 4° and 20°C. 
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Very few quantitative investigations of the effect of surface upon 
fusion have been carried out. This is not surprising, because it has been 
difficult to prepare a system having a large surface, and, at the same 
time, enough simplicity to be amenable to mathematical treatment. 
Furthermore, theoretical treatments of specific fusion processes in which 
surface is an important factor have been confused and incomplete. The 
purpose of the present paper is to clarify the nature of two such fusion 
processes, namely, the fusion of small spheres and thin films. 

The internal equilibrium of a one-component system is characterized 
by the equality of the chemical potentials, u, of its phases. To symbolize 
the continuance of equilibrium as the constraints are altered, the incre- 
ments of the chemical potentials of all phases are equated: 


dua — due ee AS AS 6 a dun. (1) 


When the ratio of surface to mass is large, the system may be regarded 
as containing surface phases in addition to the usual volume phases (1). 
By an obvious extension it can be shown that the above equilibrium 
condition applies to these phases also. When the surface of a body is 
increased, the increase of Thermodynamic Potential is given by 


AG = oAA, (2) 


where o is the surface tension, and AA is the reversible increment in 
surface area. 

Now, the chemical potentials of the volume and surface phases must 
remain equal if the body is to persist in a state of equilibrium. Therefore, 
an increase in surface area represents a simultaneous, equal increase in 
the chemical potentials of the volume and surface phases. Consequently, 
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for an isothermal process, an increase in the pressure of the volume phase 
is demanded as the only mechanism for increasing its chemical potential ; 


Au = vAp, (3) 


where v is the molar volume, considered to be invariant for a condensed 
phase and Ap is the pressure increment. Since 


4p8la@) 


ot on ” 


(4) 
where n is the number of moles comprising the body, it follows from 
Eqs. (2) and (8) that 


g 0(AA) ; 


AD on 


(5) 


If the external pressure is constant, this increase in internal pressure 
will be obtained by an increase in the curvature of the surface. The 
difference of pressure across a curved boundary is given by Kelvin’s. 
formula (2) 


p-p=o(2+2), (6) 


where p is the internal pressure, p° is the external pressure, and 7 and re 
are the principal radii of curvature. If the surface remains flat, as in the 


1 As an example of the use of equation (5) let us derive equation (6), specialized to 
the case of a sphere, i.e., 71 = r2 = 7. 

Consider a sample of material in bulk. If we divide this sample, uniformly, into 
spheres, all of which have the radius, 7, we can disregard the initial surface area, and 
employ the total area of the spheres as the numerical value of AA. Thus, if N represents 
the number of drops which are formed 


20 A) = 2 NS (hart) = BN = 
But, 
mw = $rrN, 
from which it follows that 
or v 
an 4ar°N’ 
which when substituted in the first equation of this note yields 
O(AA) — 2 
i Ray 
and when this is substituted into equation (5) we obtain 
evne 


r 


Now, Ap refers to the difference between the internal pressures of the material in 
bulk and in droplet form. But, when the material is in bulk, its internal pressure is 


identical with the external pressure, and, therefore, the last equation is identical with 
(6) form = re = 7. 
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case of films, then the increase of internal pressure must arise by an 
increase in external pressure calculable by Eq. (4). 

The application of this additional external pressure will necessarily 
involve the use of walls which maintain the deformation of the body. 
Consequently, we will have to consider, o3», wall-body interfacial tensions 
in place of the air-body tensions. Furthermore, an extension of the wall- 
body interface decreases the wall-air interface so that an amount of free 
energy, o~AA, where o, is the wall-air interfacial tension, will be lost by 
this effect. This quantity may be regarded as reversible work performed 
on the body during the process of deformation, so that the thermo- 
dynamic potential change, for the body, is given by 


AG = owhA — awhA = (ebm — ow)AA. (7) 


For cases including walls, Eq. (7) then replaces Eq. (2), and all the 
equations following (2) retain their form, but o is replaced by (o5. — ow). 

In considering an equilibrium between liquid and solid, in which 
surface phases are important, Eq. (1) is to be utilized where 


du; = — sdT + a term due to surface, (8) 


and s; is the molar entropy. Where the curvature is obvious, it is often 
convenient to use v.dp; for the value of the surface term, formally ignor- 
ing the existence of the surface, and computing dp; from Kelvin’s formula. 
ony 0At . 
On: 
It is now possible to develop a general relation between extent of 
surface and melting point. According to Eq. (/) 


dus = du, (9) 


In other cases, the surface term may be evaluated directly as 


where yp, and p; are, respectively, the chemical potentials of the solid 
and liquid volume phases. Eq. (9) must be integrated over any path 
extending from the normal melting point, T., at which the extent of 
surface. is negligible to the temperature, 7, the melting point of the 
extended system. By Eq. (8) 


v.dps 
dus = — sdT + o,0A; 
Cte 
(10) 
vidpr 
dui = — sdT + o10A 


On 
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Integration with respect to temperature, between fis and T, at constant 
pressure (constant surface), followed by integration with respect to pres- 
sure (surface) at the constant temperature, T, represents a convenient 
path. If we make the approximation that s, v, and o are independent of 
temperature, over the small range involved, and that v is, in addition, 
independent of pressure, then Eq. (10) integrates to yield 


“ 


v;ADs 
Aus == Soe a a) =F a 0A; 
Oi & 
(11) 
vi Api 
Api => — s(T her Es) Sa o10Ai 
On) 
Consequently, we obtain for the integrated form of Eq. (9) 
vApi — v.Aps 
(Sh 1s)) To) a o10A, _ a,0A,° (12) 
Oni Ons 
However 
Xo 
St Si == T,’ (13) 


where X, is the heat of fusion for bulk matter at the normal melting point. 
Eq. (12) becomes 


4 viAp; — v.ADs 
rim (T — To) — o10A, os a,0As° (14) 
On Ons 


The terms on the right of (14) must be evaluated subject to the geo- 
metrical demands of any special problem. In addition, if walls are 
involved, the may be replaced by wall-dependent terms, as in Kq. (7). 

Pavlov, in 1909, considered the effect of surface upon the melting 
point and heat of fusion of a solid material (3,4). His experiments have 
now been discredited (5), but his theoretical treatment of what he 
called the melting point was correct, although vague and incomplete. 
Pavlov computed the temperature for which a solid and liquid sphere, 
having identical masses, and consisting of the same material, would be 
in equilibrium. He defined this temperature as the melting point. By 
equating the vapor pressures of both liquid and solid spheres, as they 
appear in Kelvin’s equation (6), he obtained the formula 


Ti cif (alee ol Vey ay P 
Tint = (4 Ae, (15) 
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where T is the melting temperature, Ro (Pavlov’s notation) is the gas 
constant, d is the density of the solid, d; is the density of the liquid, r is 
the radius of the solid, 7; is the radius of the liquid, k is the surface tension 
of the solid, k; is the surface tension of the liquid, w is the pressure, at 7, 
over the solid in bulk, and 7 is the pressure, at 7, over the liquid in 
bulk. This equation contains a larger number of parameters than is 
necessary to characterize the equilibrium temperature, and, in addition, 
requires the value of the difficultly measurable vapor pressure, 7, of a 
supercooled liquid. It represents the correct solution of the problem which 
Pavlov considered, but the 7 which appears is not. a melting point. 
It is an equilibrium point which might be determined by mixing spheres 
of solid and liquid having the same mass, and consequently different 
radii, and observing the temperature for which no net transfer of material 
from solid to liquid, or vice versa, occurs. Ordinarily, a melting point is 
recognized as that temperature, during the heating of a solid, at which 
fusion occurs. It will be shown, later, that the calculation of the melting 
point of a sphere requires the consideration of an equilibrium involving 
liquid and solid spheres having the same radius. 

As a matter of fact, the determination of the melting point of small 
spheres (melting point in the usual sense) is now feasible. Recently, 
V. K. LaMer and his coworkers have prepared monodispersed aerosols 
whose size they have measured by an optical means (7,8,9). The matter 
contained in such aerosols is in an extremely fine and yet uniformly 
spherical state of subdivision. It is suggested that the melting point of 
these aerosols be determined by an optical method sensitive to the 
change of refractive index which occurs upon fusion. 

The correct thermodynamic treatment of the fusion of small spherical 
particles requires a careful examination of several fine points. 

When a solid, in bulk, melts, each step of the process may be regarded 
as a reversible transfer of material from one phase to another, while 
the intensive properties of the individual phases remain unchanged. The 
situation is not so simple for the case of a small particle, since the in- 
tensive properties depend upon the radius, which varies upon the transfer 
of material. 

On the basis of considerations of thermal conductivity it is the outer 
layer of a particle which first reaches the fusion temperature and melts. 
Therefore, the initial step is equivalent to the reversible transfer of ma- 
terial from a solid to a liquid sphere having the same radius. The particle, 
then, consists of a solid core surrounded by a liquid shell, and the second 
step in the fusion process involves the transfer of material from a solid 
sore having smaller dimensions than the initial sphere. 

The pressure exerted on the solid by the surface films is responsible 
or the change of the melting point. After the first portion of the solid is 
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melted, the remaining core is subject to pressure arising from the liquid- 
gas interface and the solid-liquid interface. This pressure, p, is given, by 
application of Kelvin’s formula, by 

p = p+ Mi 4 Ais, (16) 

r Te 

where r is the radius of the drop, 7. is the radius of the solid core, o; is 
the surface tension of the liquid-gas interface, and o:, is the surface 
tension of the liquid-solid interface. The surface tensions, ¢,, a1, and o7,, 
where o, is the surface tension of the solid-gas interface, are related for 
6 > 0 by Young’s equation (10). 


o, = ois + o1 C089, (17) | 
where @ is the angle of contact of liquid on solid. For @ = 0, the relation 


Ts 2 Tis + a1 (17a) 
holds. 

We shall prove that the equality o, = a1. + ¢; in (17a) holds exactly, 
when the liquid and solid are the same material and are in equilibrium. 
Consider the change in thermodynamic potential attending the isothermal 
transfer of an infinitesimal quantity of liquid from a bulk supply to the 
surface of a small, spherical solid of the same material. The change of 
area of the bulk liquid is negligible. On the small sphere the solid-gas 
interface is replaced by the solid-liquid interface, and, in addition, a 
liquid-gas interface is formed. The change of thermodynamic potential 
is thus given by 

Anr?(as1 + o1 — Gs). 


If the temperature is the melting point of the outer layer of the solid 
sphere, then the same process can be carried out by melting the outer 
layer, but this process involves zero change in thermodynamic potential. 
Hence, we may conclude that 


A4nr(oe1 + o1 — 0.) = O 
or 
T, =O + 01, 
the equality in (17a). 

The melting point of the sphere depends upon 7, and, therefore, the 
equality in (17a) holds for all temperatures and pressures corresponding 
to equilibrium between solid and melt. 

If the contact angle were not zero (17a) could not hold. Since (17a) 
does hold for the case in question, it follows that the contact angle is zero. 

Since r, < r, and because of the equality in (17a), the pressure on 
the solid core of the melting particle must be greater than in the original ! 
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particle. The core must, therefore, be superheated at the temperature 
corresponding to the inception of the melting process, and so the process 
must continue. The transition temperature, experimentally, is then that 
temperature at which liquid and solid drops having the same radius are 
in equilibrium, despite the fact that the melting process brings about 
an alteration of radius. 

The correction involved is obviously small. However, it is worth 
while pointing it out, as an example of how the sharp dependence of 
intensive properties upon mass, characteristic of extended systems, in- 
fluences a theoretical treatment. 

Eq. (14) can now be applied to the case of spheres. Since the curva- 
ture is, in this case, obvious, the right hand member can be evaluated, 
utilizing the first of the two alternate expressions which it contains. Ap 
can be computed, employing Kelvin’s formula, specialized to the case 
of a sphere, 7.¢., 71 = 72, so that 


20, 
APs = Ds — Po = = 
(18) 
2 
Api = pi Po = = 
Eq. (14) then becomes 
° 2 
r (T — 7.) == (ow — ow) 
or 
2T 
f be -T= Tho (oe — oi), (19) 


where T, is the normal melting point (r = ~), and T, the melting point 

of a particle of radius r. It is interesting to compare Eq. (19) with Eq. (8). 

If we substitute the identity, v; = v, — (vs — v2), in (19) we obtain 

Me | Oi. 

ae ~ <2 (y, — von 0 

he T Tro Us(Cs o1) + The (v. Vi)o1 (2 ) 

The form of this equation makes it easy to distinguish the individual 
pressure effects which influence the melting point. If o, = o:, then 


r, 
gees ques oe a(v. — v1) = 52Ap(% — 0). (21) 


This is the ordinary Clapeyron equation, applicable to equilibrium in 
a, system throughout which the pressure is uniformly p. 

On the other hand, the first term measures the effect the non- 
uniformity in pressure, 7.e., the difference between the pressures of the 
solid and liquid phases, has upon the melting point. 
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It is important to understand that both of these effects are operative 
in altering the melting point. In this sense, the present phenomenon 
must be distinguished from the more familiar situation in which there 
may be an increment of pressure which is the same in both liquid and 
solid. Since o, always exceeds o, the first term in (20) is positive and tends 
to depress the melting point. The second term can be either positive or 
negative. 

For a depression of melting point to occur, the second term must be 
positive or the absolute value of the first term must exceed that of the 
second, 7.e., 

Os v1. 

eee 
It is probable that this inequality is generally valid, and that a depres- 
sion of melting point is to be anticipated. 

In any event Eq. (19) applies. 

The search for simple systems in which the thermal effect of surface 
is pronounced, led Tammann and Meissner (11,5) to consider the melting 
point of thin flat films. They contended that films melt at lower-than- 
normal temperatures, and derived a relation which represented the de- 
pendence of melting point upon film thickness. Meissner obtained experi- 
mental data with films several microns thick which supported this 
relation. This relation is not complete, in that the surface work terms 
are not evaluated in detail and, consequently, the influence of the wall 
material (Eq. 7) is not emphasized. In addition, the relation can be 
expressed in terms of an alternate set of variables which are more com- 
monly measured. Because of these insufficiencies, a more thorough pres- 
entation is given below. | 

It is to be assumed that the solid and liquid films are constrained 
by walls. Consequently, we must,.in Eq. (2), employ : 

Tlw — Cw, 


(22) 


Osw — Os- 


Furthermore, the surface terms in Eq. (14) are to be evaluated, using the 
following relations 


OA, 


Vs 
ONg ai 

VI 

4? 


aA, (23) 


On, 


where ¢ is the film thickness, and where it has been assumed that the 


original surface, in bulk, was negligible and equivalent to zero. In this 
light Eq. (14) reduces to | 


No | 
BLT.) =F [elem — ov) — v(m — 24). 24) 
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In Meissner’s experiment, the melting point was determined by main- 
taining a temperature gradient parallel to the extent of the film. At that 
point in the gradient corresponding to the melting point of the film, a 
liquid-solid interface could be discerned and, from the relation between 
position and temperature, one could estimate the melting point. 

Because the pressures are different in liquid and solid, the profile of 
this interface must necessarily be that of a cylindrical surface, having the 


2 cos 


two principal radii, » and J (see below). It is instructive to develop 


the melting point Eq. (24) in terms of the geometrical parameters asso- 
ciated with this interface. 
Using the equations 
Tlw — Sw = — 01 C0881, 
Tow — Ow = — 6; COS9;, 


(25) 


where 6; and @, are the equilibrium contact angles of liquid and solid, 
respectively, upon the wall material, in the presence of air, we obtain 


T,—-T = ste (vio, COS 0; — Usa COS Oe). (26) 

This equation can be transformed to include the interfacial tension be- 
tween solid and melt, o;;, by the use of Equations (26) and 

Osw —~ Clw = Ols cos 6, (27) 


where @ is the equilibrium contact angle of liquid on wall in the presence 
of solid (see Fig. 1). 


It follows that 
1 COS 6; — o, COS Os; = G1 COS 8, (28) 
which, when substituted into Eq. (26) with the aid of the identity 
v1 = 0, — (v, — 01), yields 
Pac 2 cos 6 + Ane (vy — V4)o1 COS Oy. (29)? 
Lie are = Kot sO le Not 


ly to matter in the form of fine 
2 Eqs. (24), (26), and (29) may be altered to apply te 
parectanete within capillary tubes) by substituting the diameter of the thread, 


d, for 5 
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Just as in the case of spheres, the melting point change is given by the 

sum of two terms, the first of which arises from a difference in pressure 

201. COS 0 
; d 


usual Clapeyron equation, since 201 008 61 is the difference in the internal 


between liquid and solid, and the second is related to the 


pressures of the liquid in film and in bulk, at constant external pressure. 

Examination of Eq. (19) indicated that the melting point of spherical 
particles will usually be lower than normal, since o, exceeds o:, while the 
molar volumes do not differ greatly. With films, the complications intro- 
duced by the walls make predictions more difficult. Neglecting the 
difference in molar volume, Eq. (26) shows that the melting point will 
be raised or depressed, depending upon whether (c, cos 6, — a1 cos 0) 
is positive or negative. The chemical nature of the wall and the sub- 
stance being investigated determine the contact angles, and therefore the 
wall affects not only the magnitude of the change, but also its sense. 

Eq. (19) and (29) both might be used as bases for measuring solid 
surface tensions since all of the other quantities appearing in these 
equations are comparatively easy to measure. It should be indicated 
that these surface tensions are mean quantities, since the different 
crystal faces may have different surface tensions. In this connection, 
the fusion of spheres offers a simpler tool, because the melting of films 
involves additional parameters characteristic of the wall. 

Meissner found that a film of azobenzene, lu thick (glass walls) 
melted at about 0.35°C. below normal. Since ¢ and 2r are comparable 
quantities, the depression should be at least twice as great for azobenzene 
spheres ly in diameter, if we suppose the molar volumes of liquid and 
solid to be equal. Experimentally, it is a simple matter to make aerosol 
particles as small as 0.24 in diameter, and so a depression of at least 
3.5°C. should be observable. 
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SUMMARY 


The macroscopic nature of fusion in extended systems is discussed 
‘in detail. In this connection, the experimental significance of the term 
“melting point’ is examined. 

A relation between the extent of surface and internal pressure is 
derived. The new relation is to be distinguished from Kelvin’s formula 
which relates the pressures on either side of a curved surface, although, 
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in special cases, the two formulas may coincide. A relation between the 
solid-melt interfacial tension, the solid-gas interfacial tension, and the 
tiquid-gas interfacial tension is derived for the case of equilibrium be- 
tween solid and melt. Finally, a general relation between melting point 
and extent of surface is derived, and applied to the case of spheres, films, 
and threads. 
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INTRODUCTION 


In investigations of the kinetics of the formation of a new phase, it is 
important to learn at what rate nuclei, or centers of formation for the 
new phase, make their appearance. It is possible to investigate the rate 
of nucleation by observing single masses of material during and after a 
phase transformation. However, in many cases it is difficult to separate 
the kinetics of nucleation from the kinetics of the growth of the new phase 
after nuclei have made their appearance. The nucleation of a substance 
can often be more easily studied by dividing it into a large number of 
small mutually independent particles and observing as a function of time 
the number of particles which have undergone transformation. The 
time required for a particle to change from one phase to another once a 
nucleus has formed will, in general, be proportional to the first power of 
the particle radius. The chance that a nucleus will form will generally 
be proportional to the second or third power of its radius. Therefore, by 
making the particle sufficiently small, the time required for the occurrence 
of a nucleus can be made large in relation to the time required for the 
particle to transform once a nucleus has appeared. It is advantageous to 
make nucleation measurements on systems containing a sufficiently large 
number of particles to be easily treated statistically. 

Preliminary investigations have been on the nucleation of supercooled 
tin and supercooled water. Observations were made at constant tem- 
peratures on the freezing rate of systems composed of large numbers of 
supercooled drops. 


EXPERIMENTAL METHODS AND RESULTS 
Nucleation of Supercooled Liquid Tin 


In the experiments on tin, the samples were prepared from a fine tin 
powder (obtained from Eimer and Amend) consisting of small spheres of 
tin ranging in diameter from approximately 1 to 10 u. 

The first determinations of the rate of nucleation of supercooled tin 
drops were made using X-ray diffraction measurements. The sample of 
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tin powder was mixed with a Bakelite varnish and spread as a film on a 
glass slide. The slide was mounted in a small electric furnace built to fit on 
a Philips X-ray diffraction apparatus. The apparatus was adjusted to 
give a strong diffraction line of the crystalline tin powder. The sample 
was then heated above its melting point (231.89°C.) to 240°C. At the 
melting point, the diffraction line of the solid tin disappeared. Hydrogen 
gas was run through the furnace to prevent oxidation of the sample. After 
having been heated above the melting point, the sample was cooled and 
held at some temperature below its freezing point. The rate at which the 
supercooled particles crystallized was determined by measuring the rate 
at which the intensity of the diffraction line of solid tin returned to its 
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Fig. 1. Fraction of tin drops remaining unfrozen as function of time at 130°C., from 
X-ray data. 


former value. The results of a typical experiment are shown in Fig. 1. It 
was soon found that the rate of nucleus formation was greatly increased 
by a small decrease in temperature and that the temperature control was 
not sufficiently“ sensitive to permit measurements with any accuracy. 

A different apparatus was then set up in which the rate at which the 
tin particles solidified could be measured by the rate at which their 
volume changed. When liquid tin crystallizes, its volume decreases by 
about 5%. The tin powder was first heated in air for about 0.5 hr. at 
150°C. to give it a thin coating of oxide to separate the particles. It was 
sealed into a bulb of a dilatometer (see Fig. 2). The dilatometer was then 
pumped out and baked at a pressure of less than 1 » to remove any gas. 
“Octoil S” was then distilled into the dilatometer under vacuum. A 
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measurement of the rate of nucleation was made by first heating the 
bulb to a temperature above the melting point of tin (265°C.), and then 
placing it in a silicone oil constant temperature bath. The rate of nuclea- 
tion was determined by observing the rate of volume decrease as measured 
by the motion of the “Octoil S” along a graduated capillary tube. A long 
capillary tube was used in the first experiments, but it was found that 
appreciable error was caused by the slow drainage of the liquid from the 
walls of the tube. This difficulty was minimized by using the oil reservoir 
shown in Fig. 2. During the melting of the sample, the tube was held at an 
angle so that the liquid covered the end of the capillary tube. When the 
sample had been cooled to almost the desired temperature, the tube 
was tipped so that the excess liquid ran away from the end of the capillary 
tube, thus forming the meniscus in a convenient position. 


SCALE 


Fie. 2. Dilatometer. 


The results of the experiments are shown in Fig. 3. The time has been 
plotted on a log scale to condense the curves for runs made over a long 
time interval. If the chances of a nucleus occurring in each tin particle 
were exactly the same and were independent of the length of time it had 
been supercooled, one would expect the rate of nucleation to decrease 
exponentially with time. The curves show clearly that in these experi- 
ments this is not the case. The fraction of the unfrozen portion of the 
sample crystallizing per unit time steadily decreases with time. Some 
drops nucleate more rapidly than others, probably because they are 
either larger than the others or because they contain certain impurities 
which increase the probability of nucleus formation. The data obtained 
should be interpreted as the behavior of supercooled tin with whatever 
impurities were present. It is probable that tin, free of impurities, if it 
could be obtained, might behave very differently. 
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Fic. 3. Fraction of tin drops remaining unfrozen as a function 
of time from dilatometer data. 


One of the most striking features of the data is the very great effect 
of temperature on the rate of nucleation. A decrease in temperature of 7° 
causes a 60-fold increase in the nucleation rate. In observations on the 
rate of nucleation of supercooled water clouds in the presence of silver 
iodide smoke, the author has observed a similar large negative tempera- 
ture coefficient (1). For a given smoke the rate of ice crystal formation was 
approximately 30 times greater at — 13°C. than at —10°C. 


0.00247 0.00250 0.00253’ 


Fie, 4. Nucleation rate of tin drops as a function of temperature. 
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An approximate value for the activation energy of the nucleation re- 
action can be computed from the data in Fig. 3. The log of the reciprocal 
of the time required for 4 of the sample to freeze was plotted against the 
reciprocal of the absolute temperature to give the curve in Fig. 4. This 
corresponds to an activation energy of — 2 X 10° calories. The data 
taken at 116.7°C. have not been used because nucleation at that tem- 
perature proceeds so rapidly that most of the sample is frozen by the time 
its temperature has come to equilibrium with the constant temperature 
bath. 

The fact that the tin particles had widely differing diameters greatly 
limits the deductions which can be obtained from these experimental 
results. Not only is the probability of nucleus formation far larger in 
a large drop than in a small one, but the freezing of a large drop would 
produce a far greater effect on the diffraction of the X-rays or the volume 
of the system than would the freezing of a small drop. The data, there- 
fore, probably reflect primarily the behavior of the larger drops. 

It is highly desirable that future experiments be conducted on samples 
containing drops that are as nearly identical as possible. 


Nucleation of Supercooled Water 


The author first attempted to measure the nucleation of supercooled 
water in experiments conducted while at the De-icing Research Labora- 
tory at M.I.T. An emulsion of water drops suspended in lubricating oil 
was cooled to —29°C. with the expectation of measuring the nucleation 
rate by the rate of volume increase. This method was not successful, 
because the solubility of water in the oil was sufficiently large that dif- 
fusion rapidly took place from the unfrozen to the frozen drops. 

Some preliminary studies on water have been made in this laboratory 
using a variation of the above method. In these experiments, 64 drops 
of distilled water, weighing approximately 3 mg. each, were placed in a 
square pattern on a polished chromium plated metal plate. 

On the recommendation of V. J. Schaefer of this laboratory, the 
shromium surface of the metal plate was covered with a thin film of 
solystyrene by dipping it into a solution. This had been found by Schaefer 
0 lower the temperature to which the water could be supercooled. The 
slate with the drops on its surface was then placed on a thermostated 
opper block at some temperature below freezing. To prevent impurities 
n the air from settling on the water drops, the plate was covered with a 
yiece of plate glass which rested on a raised rim on the copper block. The 
1eat transfer between the block and plate was sufficient to bring the 
lrops on the plate to the temperature of the block in less than 1 min. 
The number of unfrozen water drops was measured as a function of time 
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Fic. 5. Fraction of water drops remaining unfrozen as a function of time. 


by visual observation. Fig. 5 is a curve showing the nucleation of the 
drops at various temperatures. 

Despite precautions to keep the water drops free of impurities, it is 
certain that they were contaminated by foreign material from the atmo- 
sphere and by the surface of the plate which increased the rate of nuclea- 
tion. Here again the data would probably be far different for completely 
pure water. The striking feature of the data is again the large negative 


LOG,, NUCLE] PER GRAM PER SECOND 


Fig. 6. Nucleation rate of water drops as a function of temperature. 
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temperature coefficient which characterized the results of the experiments 
on supercooled tin and on a supercooled cloud seeded with silver iodide. 

The data for the freezing of water drops given in Fig. 5 can be inter- 
preted in terms of the rate of nucleus formation per gram of water. Fig. 6 
relates the rate of nucleus formation per gram to the reciprocal of the 
absolute temperatures. The rate of nucleation was calculated from the 
times required for the first 22 drops to freeze at the various tempera- 
tures. The energy of activation computed from the slope of the curve in 
Fig. 6 is — 1.6 X 10° cal. It is interesting to extrapolate these data for 
comparison with observations made by Schaefer (2, 3) in his experiments 
on supercooled clouds. If it is assumed that the liquid water content in 
the cloud in the cold box is of the order of 1 g./m.’, at a temperature of 
— 25°C., according to these data ice crystals should be appearing at the 
rate of about 10‘/sec. Actually, with clean air at this temperature, 
no crystals are observed. It is not until the temperature falls below 
— 39.0 + 0.1°C. that many crystals begin to form. The rate of nucleation 
in the water drops on the metal plate is much larger than that in the 
water drops in a cloud, probably because of the nucleating effect of the 
surface of the plate and chance impurities. 

The sudden appearance of large numbers of ice crystals when the 
temperature is —39°C., or lower, indicates that in Schaefer’s experiments 
the increase in nucleation rate with decreasing temperature must be 
even greater than that found in this work. 
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SUMMARY 


X-ray diffraction, dilatometric, and visual techniques are described 
for measuring the extent of crystallization of systems composed of many 
small mutually independent volumes of supercooled liquid. Preliminary 
measurements on supercooled liquid tin and supercooled water show 
their rate of nucleation has a very large negative temperature coefficient 
corresponding to an activation energy of the order of — 2 X 10° calories. 
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INTRODUCTION 


Colloidal dispersions which are formed by condensation from an 
initially homogeneous phase pass very rapidly through an early stage of 
growth and coagulation. The processes that occur in this stage cannot be 
‘studied satisfactorily by present techniques until the rate decreases. 
By that time a polydispersed colloid has formed. If, however, the sub- 
‘stance which is to constitute the dispersed phase is slowly and continuously 
produced in the system, for example by a chemical reaction, repetitive 
‘nucleation is obviated and the growth on the first nuclei proceeds uni- 
formly. The product is a monodispersed colloid which can be characterized 
/precisely as to particle size and number by optical methods. 

Aerosols which were so monodispersed in respect to particle size that 
they exhibited higher order Tyndall spectra were prepared for the first 
time by La Mer and Sinclair by regulating the cooling of vapors in the 
presence of controlled numbers of nuclei. These monodispersed prepara- 
tione were used in the experimental verification of the Mie theory for the 
scattering of light (1,2). These findings were extended by La Mer and 
Barnes to monodispersed sulfur hydrosols (3,4). When the homogeneous 
solution of sulfur produced by the reaction of very dilute thiosulfate and 
acid becomes sufficiently supersaturated, droplets of supercooled liquid 
sulfur suddenly appear (5). These droplets grow slowly and so uniformly 
that monodispersed systems of different particle sizes are readily ob- 
tainable for study, after stabilization by the addition of iodine. The 
sphericity of the micelles and their monodispersed character simplifies 
the application of the Mie theory as a means of determining the size and 
umber of particles (4,6,7,8). 

It is the purpose of this paper to investigate the factors which in- 
uence the formation and growth of the particles in these sols, which 
re easy to reproduce and measure quantitatively. This study may be 
ivided into 3 stages. 

1 This paper was presented at the Conference on “Molecular Interaction” held under 
he auspices of the New York Academy of Sciences on April 8, 1948. 
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I. The homogeneous reaction. The reaction begins as soon as the 
acid and thiosulfate are mixed, and produces molecularly dispersed sulfur. 
This stage is terminated when the sulfur solution becomes sufficiently 
supersaturated for stable nuclei to form. 

II. The condensation stage. Here the rapid condensation of molecu- 
larly dispersed sulfur upon the nuclei relieves the supersaturation with — 
the result that the rate of subsequent nucleation is greatly decreased. 

III. The heterogeneous stage. The sulfur droplets slowly increase in 
size by diffusion of dissolved sulfur to the particle surfaces. The preserva- 
tion of a high degree of monodispersity in this stage depends upon a low 
rate of formation of dissolved sulfur and the absence of repetitive nuclea- 
tion and of secondary coagulation. 


I. Tot HomoGEenrovus REACTION 
A. Historical Summary 


Landolt (9) reported that an acidified solution of sodium thiosulfate 
remains clear for a time interval which depends on temperature and 
concentration, following which colloidal sulfur appears. This ‘induction 
period”’ was investigated by Foussereau (10). He reported a steady de- 
crease in conductivity from the time the reactants were mixed. Biltz 
and Gahl (11) improved Landolt’s method for detecting the Tyndall 
beam by using an ultramicroscope. A comprehensive review is given by 
Sheffer and Béhm (12). Ostwald (13) expressed the view that the sudden 
appearance of colloidal sulfur marks the end, not of an induction period, 
but of a state of supersaturation with respect to dissolved sulfur. In the - 
absence of foreign nuclei a high degree of supersaturation would be ex- 
pected. Since the reaction does not go to completion the removal of sulfur 
by the formation of a second phase should favor the forward progress of 
the reaction. Jablezynski and Warszawska-Rytel (14) reported transmis- 
sion curves in the visible range using a Koenig-Martens spectrophotom- 
eter for 0.025 M Na.S.0; and 0.125-1.25 M HCl. At these high concentra- 
tions stage I is complete in less than 1 min. and a polydispersed colloidal 
system is formed. They interpreted their results as revealing an auto- 
catalytic effect attributable to the formation of colloidal sulfur. 

The products of the reaction have been studied extensively (12,14,15, 
16,17). It has been shown that near pH = 3 about. 80% of the reaction 
yields sulfur and sulfite, while side reactions produce polythionates. The 
results of different kinetic investigations (12,14,16,18) are not in harmony 
as to the mechanism of the reaction or even the identity of the reacting 
species, although it now seems certain that HS.O;- is involved (18,19). 

La Mer and Kenyon (5) demonstrated experimentally the formation 
of dissolved sulfur by transmittance studies in the ultraviolet region, 
where sulfur absorbs. Their results indicate that, under ordinary condi- 
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tions, a definite concentration of molecularly dispersed (i.e., dissolved) 
sulfur must be produced before sulfur micelles appear. Experiments 
designed to test the order of the reaction and the effects of added salts 
should yield information about the nature of the homogeneous reaction 
and the identity of the reacting species. 


B, Experimental 


Materials. Sodium thiosulfate, C. P., was recrystallized according to 
the method of La Mer and Tomlinson (20). The wet crystals were dis- 
solved immediately in water and the solutions were standardized against 
K,Cr20;, then diluted and restandardized to give stock solutions whose 
concentration was 1.000 + .001 M. Stock solutions of 1.5 M H.SO, and 
3 M HCl were made from reagent grade acids and standardized against 
Bureau of Standards potassium acid phthalate. Lanthanum sulfate was 


made from the nitrate by the action of sulfuric acid. The other salts used 


| 
| 
} 
| 


were C. P. grade and were not purified further. 


Time ia Minutes 


Fic. 1. Effect of salts on optical density as a function of time after mixing at 
» = 3000 A. Na.S.0; = 0.002 M, HCl = 0.002 M. A. No added salt, B. 0.0118 M NaNOs, 
C. 0.2 M KCl, D. 0.0014 M Laz(SO,)s, E. 0.0005 M La(NOs)s, F. 0.0028 M La(NOs)s. 


Method. Suitable aliquots of thiosulfate stock solution were delivered 
from a 2 ml. hypodermic syringe and mixed in nearly 11. of distilled water 
or a specified salt solution. The addition of acid from a syringe, mixing, 
and making up to volume occupied 20 + 3 sec. The temperature was 
maintained at 25 + 0.05°C. The ranges covered were from 0.001 to 
0.003 M in thiosulfate, from 0.001 to 0.006 M in H+, and from 0.007 to 
0.03 in ionic strength. 
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The formation of molecularly dispersed sulfur (5) can be followed by 
transmittance measurements at A = 3000 A. The increase in optical 
density as a function of time was accordingly measured at this wave- 
length in 10 cm. quartz cells with a Beckman quartz spectrophotometer 
(model DU), using a solution of appropriate thiosulfate concentration as 
the blank. The absorption cells were refilled every few minutes from the 
reaction mixture which was kept at 25°C. The optical density readings 
were reproducible to within +0.0005. Typical curves for log (Io/I) vs. 
time are shown in Fig 1. 

The time at which a sharp break occurs in the log (I0/J) curve, 
marking the beginning of light scattering by colloidal sulfur, is desig- 
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Fic. 2. Theoretical scattering area coefficient K, as a function of a = 2nr/)’. 


nated as ‘‘tg.” The uncertainty in the estimation of tg is decreased to +3 
min. if the slope of the log (Io/Z) vs. time curve for \ = 3000 A is ex- 
amined and tg taken as the point at which the slope increases rapidly. 
The application of this criterion to the data of La Mer and Kenyon (5) 
gives tg values of 61 min. for 0.0010 M thiosulfate and 0.0015 M HSO,, 
and 30 min. for 0.0015 M thiosulfate and 0.003 M HCl, instead of their 
values of 70 and 35 min., respectively. It also changes their estimate of 
the sulfur concentration at tz from 5.5 X 10-* to between 3 and 4 X 10-8 
g.-atom/]. 
C. Results 


Constancy of Log (Io/I) at tg. Table I shows some results of experi- 
ments designed to test the reproducibility of ts data. The average devia- 
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tion is +1 min. In Table II are indicated the values of log (Io/I) ob- 
served at tz for sols representing the entire range of reactant concentra- 
tions and ionic strengths studied. The constancy of log (Io/J) at tz. 
(0.020 + 5%) makes it possible to use tz as a measure of the rate of the 


formation of dissolved sulfur. The value 0.020 could be used to determine 


the sulfur concentration in the supersaturated solution just before con- 
densation occurs if the extinction coefficient of sulfur in water were 
known. Using La Mer and Kenyon’s (5) averaged value of 1460 cm?./g.- 
atom for the extinction coefficient of sulfur in organic solvents, the sulfur 
concentration at ts is 3.2 X 10-* g.-atom/I. The order of magnitude of 
this figure is correct and is a qualitative indication of how very small the 
solubility of sulfur in water must be. 


TABLE I 
Reproducibility of tz at) = 3000 A 


Thiosulfate H+ ip, min. Average tp 

0.002 Mf 0.002 31, 29, 27.5, 30.5, 29, 29+1 
28, 28, 28, 30 

0.002 0.003 25, 21, 24, 25, 22, 24 23.541 


Dependence of Rate on Reactant Concentrations. Since the amount of 
sulfur formed at tz is constant, and the extent of reaction is very small, 
the following relationship is valid: 


(S)z/ts = k(T)*(H)’, 


where (S)s = sulfur concentration at tz, and (7) and (H) = concentra- 
tions of total thiosulfate and acid, respectively. A comparison of the 
reaction rates at constant ionic strength for different thiosulfate and acid 
concentrations shows that a = $ and b = 3. Table II shows the results 
of the calculation of a constant ks = k/(S)s = [ta(T)'(A)#}", from 
which it is seen that ks = 8700 + 5% liter? mol” min.—. 

Salt Effect. From an examination of the data in Table II it is evident 
that the effect on tg of small amounts of univalent salt such as were used 
to adjust the ionic strength of some reaction mixtures is hardly differen- 
tiated from the usual variations in tg that are due to failure of exact 
reproduction of a given set of condensation conditions, or merely to un- 
certainties in estimating tz. The slight trend toward a positive salt effect 
indicated that further experimentation designed to prove or disprove the 
existence of such an effect might prove fruitful. The effect of adding a 
larger amount of KCl (0.2 4) is shown in Fig. 1, curve C. Here the rate 
of sulfur formation increases only slightly, but condensation begins at a 
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TABLE II 


Constancy of log (Io/I) at tz and Dependence of Homogeneous Reaction Rate on 
Molar Concentrations of Reactants 


3 log (Io/TI) 
in in) Kel # an ry 
1 ook — 0.0075 0.0200, 0.0190 
x 6.0 .0135 .0205 
x 9.9 .0174 .0185, .0195 
x 10.4 .0179 .0200, .0195 
1 4 0.4 .0074 .0205 
1 6x 6.0 .0180 .0200 
2 1 — .0070 .0190, .0215 
0.3 .0073 .0225, .0205 
3.2 .0102 .0195 
2 2 — .0080 .0185,. .0200 
5.4 .0134 .0190, .0185 
10.0 .0180 .0190, .0205 
2 3X — .0105 .0205, .0225 
x — .0105 .0195, .0210 
x 3.0 .01385 .0210, .0215 
is (5 .0180 -0180, .0190 
x 20.0 .0305 .0195, .0180 
3 1 8.0 .0180 .0185 
3 1:5 ao .0180 .0185 
3 2 7.0 .0180 -0185 


x = H2SO, was used; HCl used in all other runs. 
Average log (Io/Z) at tg = 0.020 + .001. 
Average 107° ks = 8.7 + 0.4 liter? mol min.—. 


TABLE III 
Effect of Salts on the Rate of the Homogeneous Reaction of 0.002 M Na»S.0; and HCl 


Salt 


Log (J0/I) at tg 


tB 


None 

0.0118 M NaNO; 
.0028 M La(NOs3)s3 
.0010 M La(NOs3)s3 
.0005 M La(NO3)3 
0014 M Lae(SOx.)3 


0.0210 
.0205 
.0205 
0215 
.0210 
.0195 


iB 


min. 


10%kg 
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value of optical density lower than usual, indicating that salting out or 
perhaps some effect on nucleus formation may have occurred. The posi- 
tive catalytic salt effect is demonstrated more clearly by the experiments 
with Lat++ salts (Table III and Fig. 1), in which increasing quantities 
of La(NOs)3; produce correspondingly increasing catalytic effects. The 
nitrate ion has no specific effect on the reaction, as shown by the very 
small catalysis by 0.01 M NaNO;. When Laz(SO,); is used, however, the 
catalysis is much less efficient, 0.0028 M Lat++ in that form being only 
as effective as 0.0005 M La+++ in the form of the nitrate. This can be ex- 


- plained in the same manner as was Tomlinson’s kinetic data on the brom- 


| Latt++ ions. 


acetate-thiosulfate reaction (21). The Lat++ ions set up very large 
local deviations from the average bulk concentration of reactant ions, 
thus making it easier for the negative ions which are attracted to their 
vicinity to react. This interpretation is further supported by the opposing 
effect of sulfate ion to the Lat+++ catalysis, since these doubly charged 
anions offer the reacting species serious competition for places near 


Il. Tur ConDENSATION STAGE 
A. Theory 


The onset of the condensation stage under constant conditions of 
medium and temperature has been used in the preceding section as a 


- criterion of the rate of the homogeneous reaction. We now examine some 


of the factors other than the rate of formation of dissolved sulfur that 


_affect the beginning of the phase transition and the early stages of growth 
of the particles (22,23). 


Thermodynamic Equilibrium between Phases. It was first shown by 
J. Willard Gibbs (24) that a spherical mass of phase II of radius r* can 
remain in equilibrium with a surrounding mass of phase I which is super- 
saturated with respect to a droplet of II having an infinite radius. When 
the influence of the surface of contact between the two phases is taken 
into account, the equality P: = Pr is replaced by 


Py a Py = 2o/r*, 


| where o = surface tension, Pi; = the pressure of the interior mass of the 


droplet of phase II, and P; = the pressure of the exterior mass, phase I. 


| The reversible work required to form such a mass in the interior of an 
infinite mass of the other phase is given by the general equation 


W =aos — Vu(Pu Fen; Py), (1) 


| where cs = the work spent in forming the surface s, and Vir(Pi1 — P1) 
| = the work gained in forming the interior mass of volume Vi. Gibbs 
| further pointed out that W is always positive and equal to os/3—2.c., 


the second term in Eq. 1 is 2 of the first for a spherical droplet. 
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J. J. Thomson arrived at an equivalent and more often quoted expres- 


sion for r* in terms of 
(rear Mo) = 2ovr1/7", 


where p,* and uv. = chemical potentials of the molecules in droplets of 
phase II of radius r* and of infinite radius, respectively, and v1 = molecu- 
lar volume in the droplet. For the case of equilibrium in a supersaturated 
vapor the J. J. Thomson equation takes on the familiar form 


In (p;,* / Dia) = Qovir1/kTr*, 


where k = Boltzmann gas constant, J = absolute temperature, 
p,* = vapor pressure of a liquid droplet of radius r*, and p. = vapor 
pressure over a flat surface of the liquid. Droplets smaller than the critical 
size are unstable because phase I is unsaturated with respect to them, 
while for r > r* phase I is supersaturated and again instability results. 
For r = r*, a metastable equilibrium exists. Since the work required to 
form the surface of a droplet is of considerable magnitude, a comparable 
degree of supersaturation is necessary before the formation of droplets of 
the critical size can proceed at a measurable rate (22). 

Nucleus Formation. The probability of the formation of the smallest 
mass of a new phase which can grow in the mother phase through further 
acquisition of molecules depends on e4S/*, where AS is the increase in 
entropy associated with a variation from the normal state of the system 
large enough to produce a nucleus. If the minimum work required to bring 
about such a change by an isothermal reversible process is W = as/3, 
the probability of forming Z droplets of phase II of the critical size in a 


large mass of phase I is 
wren Ze-WIres 


If + = the average lifetime and J’ = the frequency of formation of the 


drovlets, 
J’ = w/t = (Z/re-¥ #7. 


In reality, a nucleus once formed has an equal chance of decreasing in size 
or of growing. However, only the latter course produces a change of state 
of the original phase I. If we imagine a process by which each nucleus on 
which any additional growth has taken place is removed from the system, 
so that the state of phase I remains substantially unchanged, the fre- 
quency J of formation of nuclei effective in the phase transition will be 
J = J'/2 = (Z/2r)e-# |r, 

The factor Z/r can be evaluated for some special cases by a kinetic 
treatment (22). The order of magnitude of the exponent W/kT, however, 
is all that is really important in determining the sharp limit of super- 
saturation at which J becomes so large that a spontaneous phase transi- 
tion occurs. For water vapor at 300°C. in the absence of foreign nuclei 
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this limit lies between p,/p». = 4.1 and 4.2. The very rapid increase of J 
with supersaturation is shown by the fact that for p,-/p» = 3 it would 
take 1000 years to form a droplet in 1 cm.? of vapor, while the process 
would require only 10-* seconds if p,/p. = 5. 

The work W required for nucleus formation is the analog of the free 
energy of activation for a chemical process, and the path followed has 
been assumed to be the one of lowest activation energy or highest prob- 
ability. The theory as sketched here does not assume any mechanism for 
the nucleus formation, although it is believed that the fluctuations in the 
density of the molecular population of a phase produce “embryos” of a 
new phase. The fluctuations required are of the heterophase type, 2.e., 
they exceed the limits of the normal homophase fluctuations which are 
insufficient to lead to a macroscopic change of state. 

Growth of Particles. After nucleus formation, growth proceeds by the 
diffusion of molecules from the original phase to the nucleus. This can 
be expressed in a simple mathematical form by making the following 
assumptions (25): (a) the particle is spherically symmetrical, and (b) a 
stationary state is reached soon. In terms of the number of molecules dn 
diffusing in time dt through each spherical surface about the particle 
one gets: 

dn/dt = 4rk?D(dc/dk), (2) 
where c = molecular concentration at the distance R from the nucleus, 
and D = diffusion coefficient. The following expression can be differen- 
tiated to find dc/dR: 


(¢ — ¢s)/(Co — &) = 1 —1/R, 


where c, = concentration of the saturated solution at the particle surface 
where R = 7, and c, = original concentration at the distance R = ~. 
Substitution for dc/dR in Eq. 2 and expression of n in terms of the particle 
radius r and the molecular volume v7 in the new phase, followed by 
integration, yields the final equation: 


r= re + kt, 


where k = 2Dvi1(c. — c.), and r, = radius of particle when growth 
begins (at ¢ = 0). Consequently, when a stationary state is set up, a 
spherical particle of phase II should exhibit a constant rate of increase 
of the area of the surface it presents to the surrounding phase I, provided 
the rate is diffusion controlled. 


B. Some Qualitative Observations 


Any change in the medium that affects the solubility of sulfur will 
produce a corresponding change in the concentration of sulfur that can 
exist before condensation starts. Examples are furnished by the salting- 
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out effect of 0.2 M KCI (see Fig. 1), and reports by earlier workers (26) 
of the greater “stability” of thiosulfuric acid in alcoholic solution. The 
addition of small amounts of alcohol, dioxane, or similar solvents to the 
reaction mixture increases the concentration of sulfur (or the optical 
density) that is reached before condensation sets in. An extreme example 
is the solvent 50% dioxane-water, in which colloidal sulfur does not ap- 
pear after 2 days. The addition of water brings about an immediate 
precipitation of sulfur. 

Since neither the solubility nor the extinction coefficient of sulfur in 
water is known, it is impossible at present to determine the degree of 
supersaturation at the phase transition. ‘‘Self-nucleation” of the sort 
described above would be indicated if the limiting degree of supersatura- 
tion were consistent with that predicted from theory. If the degree of 
supersaturation at tg were much less than the theoretical, the presence of 
foreign nuclei favoring condensation at a lower degree of supersaturation 
would be suspected. There are several ways in which this could occur: 
a charged nucleus decreases the critical radius r*, a surface-active sub- 
stance would lower the energy required for the formation of the surface 
of the nucleus, or minute particles of another phase might provide small 
surfaces on which condensation could proceed. If the phase transition 
is not initiated by self-nucleation, the foreign nuclei must be present in 
ordinary distilled water in fairly constant amounts, and must be un- 
affected by ordinary methods of purification. Attempts to modify the 
behavior of the usual solvent, distilled water, by redistillation or treat- 
ment with nitrogen to remove dissolved oxygen produced no noticeable 
effects. The “artificial” nuclei tried thus far have not proven attractive 
to the dissolved sulfur, e.g., sulfur particles from an older sol of the same 
type, polysulfides, and sulfur precipitated from acetone by water were © 
tried. The nucleation process is currently under investigation by Mr. 
James Yates of this laboratory (27). 


C. Particle Size and Growth Rate Immediately 
after the Phase Transition 


Method. La Mer and Kenyon (5) noted that, when condensation be- 
gins, scattering of light without the added complication of absorption 
can be detected at wavelengths to which sulfur is transparent. It was 
hoped that the growth rate of particles in this stage could be determined 
by measuring the time of initiation of scattering (tg) at different wave- 
lengths. When such measurements were made, however, no simple de- 
pendence of wavelength on time was found. An attempt was then made to 
calculate particle sizes from optical density vs. time curves obtained at 
different wavelengths. When Rayleigh’s law was applied to such data the 
radii corresponding to the smallest increase in optical density that is 


tae 
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Getectable as scattering starts were calculated to be of the order of 
3 to % the wavelength of the light used, 7.e., above the range of sizes for 
which Rayleigh’s law is valid. The more general Mie theory for the scat- 
tering of light must be used. 

An examination of the theoretical scattering area (2,28,29) coefficient 
K, as a function of a = 2mr/d’ (Fig. 2) shows that, for a values between 
1.2 and 3.0, K can be expressed approximately by the empirical linear 
relations 


K, = 1.50a — 1.69 for m = 1.44, 
K, = 1.76a — 1.69 for m = 1.52 and k = 0.0017, 


where m = relative refractive index of sulfur and water, 
\ = wavelength in air, 
’ = wavelength in water, 
k = extinction coefficient of sulfur, 
K, = extinction area coefficient (for scattering plus absorption). 


Since K = 2.3 log (Lo/I)/mr’nl and a = 2rr/d’, the above equations will 
give relations of the form 


A log (Io/I)/n = Br3/N — 7°, (3) 


where A and B are constants depending on m, the absorption path length 
l, etc. For optical density measurements at \ = 8000 A (for which 
m = 1.44), A = 4.34 X 10° and B/)d’ = 9.24, while at 4000 A (for which 
m = 1.52 and k = 0.0017) A is unchanged and B/)’ = 21.9. If it is 
assumed that the particle number 7 is nearly constant during the short 
period of rapid condensation and is approximately equal to the number 
found to be present shortly after the initial condensation rate has fallen 
off somewhat, r can be calculated from optical density data. It can be 
understood from inspection of Eq. 3 why no simple relationship was found 
for the time of appearance of scattering (7.¢., the time when log (Io/J) 
reaches the just measurable magnitude of 0.0005 corresponding to a 
decrease in transmittance of 0.1%) and the wavelength used for its 
detection. 

Experimental. In order to utilize linear relationships between K and 
a it was necessary to work at wavelengths for whose m values computa- 
tions of K were available, 7.e., at 4000 A and 8000 A. The procedure 
followed in the preparation of the sols, and the measurement of their 
optical density as a function of time, was the same as that used in the 
study of the homogeneous reaction. The most convenient procedure was 
to prepare tables of optical densities calculated for arbitrary values of 
radii, of \’, and values of n corresponding to the condensation stage. The 
times corresponding to the given sizes were then read off the experimental 
curves for log (Io/I) as a function of time. The method for finding n will 
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be described later when the heterogeneous stage is discussed. The values 
of the radius determined by these experiments are in error by not more 
than +.01y. 

Results. The smallest particle radius found was 0.07n, calculated from 
optical density data at 4 = 4000 A just after scattering was perceptible 
in a sol which had 2.7 X 10° particles/cm.’ This particle number is larger 
than that of most of the monodispersed sols studied previously in this 
laboratory. In more dilute sols the particle size would have to be larger 
than 0.07» before a decrease in transmittance could be observed. Since 


r2in microns? 


Time in minutes 


Fia. 3. Variation of r? with time in the condensation stage. 


Thiosulfate HCl 10-*n/cm.? 
A. 0,002 Mf 0.002 Mf 2.0 
B.  .002 .0015 2.1 
Cc.  .001 .006 1.8 
D 001 .003 1.0 


a Tyndall beam usually cannot be detected visually until 2 or 3 min. 
after the scattering of light of wavelength 4000 A is detected spectro- 
photometrically, it is safe to say that true Rayleigh scattering (propor- 
tional to r*/\*) has never been observed in any of the monodispersed 
sulfur sols because the number of particles (10¢/cm.*)-is too small. The 
particle number which is necessary to give perceptible scattering in the 
Rayleigh region (r < 4/10) is so large that rapid coagulation would occur 
according to Smoluchowski’s theory (as will be discussed later). These 
sulfur sols are quite different from dispersions of high polymers where 
stability is possible with particle numbers of the order of 10'°/em.? No 
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data have been obtained, therefore, to describe the growth of particles 
from the time of nucleation until the time when r = 0.07u. This time 
interval is no greater than 2 min., and it seems fairly certain that, at its 
conclusion, the supersaturation of sulfur has been sufficiently relieved 
that further nucleus formation occurs only slowly. 

By assuming that the particle number is constant for about an hour 
(z.e., that formation of nuclei has virtually ceased) the growth of particles 
between r = 0.07u and 0.30u can be followed. Fig. 3 shows the variation 
of r? with time for 4 different sols in the early stage of growth. It would be 
expected that these systems should reach a steady state in which the 
generation of sulfur by the chemical reaction balances the loss of sulfur 
from solution by deposition on the colloidal particles. It will be noted, 
however, that dr?/dt is not constant, indicating that a steady state has 
not been reached. The decrease in dr?/dt could be interpreted as a lowering 
of the concentration gradient about each particle. This may be due to 
the gradual relief of the initial supersaturation, or to a decrease in the rate 
of formation of dissolved sulfur, or to both. The relief of supersaturation 
is the dominant factor here, since the system eventually reaches a steady 
state in which the variation of r? with time is linear (cf. Fig. 6). This will 
be shown when the heterogeneous stage of the reaction is discussed. 


III. Tue HETEROGENEOUS STAGE 
A. Discussion of Methods to Be Applied 


Chemical Analyses. The sols exhibit an increase in iodine titer and a 
decrease in NaOH titer with time, caused by the following stoichiometric 
reactions (17): 

Ht + S,03= =§ + HSO;-, 
6H+ + 58,03= = 28,067 aa 3H,0. 


Thus, titrations should reveal the total extent of reaction, and through 
that, the total amount of sulfur formed. Iodine can be consumed in these 
systems only by thiosulfate and sulfite, and one mol of iodine is equiva- 
lent to two mols of thiosulfate or one mol of sulfite. Polythionates are not 
affected by iodine in neutral or acid solutions (30), and influence the 
iodine titer only because they require thiosulfate for their formation. 
If A(I2) denotes the increase in iodine titer (in mols iodine/liter of sol), 
A(I2) = mols sulfite formed 


— mols thiosulfate consumed in sulfite formation 
— mols thiosulfate used to form polythionate. (4) 


The decrease in NaOH titer will depend on the extent of polythionate 
formation and on the amount of sulfite present. One may choose as the 
endpoint in the titration a pH at which the first dissociation of H.SOs 
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is complete, ¢.g., at pH = 5.8, since Ki = 1.7 X 10°’, (HSO;-)/(H2S0s) 
~ 104. Since Kz = 5 X 10-8, (SO;7)/(HSO;-) = 3.1, so that the total 
sulfite concentration is given by 


(SO:") + (HSO;-) = 4.1(HSO>-). 


If —A(H+) denotes the decrease in hydrogen ion concentration, 
—A(Ht+) = mols H+ bound as HSO;- 
+ mols H+ used in polythionate formation, 


or —A(Ht+) = (1/4.1) mols total sulfite 
+ 6/5 mols thiosulfate used in polythionate formation. (5) 


Eqs. 4 and 5 can be solved simultaneously to give Eqs. 6 and 7, by means 
of which the extent of sulfite and polythionate formation can be calcu- 
lated from experimentally determinable quantities: 


Total sulfite = [2A(I2) — (5/6)A(H?+) J/1.20. (6) 
Polythionate = (2/5)[total sulfite — 2A(Z2) ]. (7) 


Optical Measurements. By methods developed in this laboratory 
(4,7,8), the radius and number of particles can be calculated from trans- 
mittance data on a monodispersed colloid. In practice, it is necessary 
only to find the wavelength and optical density corresponding to the 
principal maximum in the curve for transmittance vs. wavelength of a 
sol. Values of the scattering coefficient K, as a function of a as calculated 
from the Mie theory can be used to relate transmittance data to the 
radius and number of particles, since a = 2rr/d’ and K, = 2.3 log (Io/I)/ 
mrnl. At wavelengths at which sulfur absorbs, the calculations of the © 
extinction area coefficient K., based on the complex index of refraction, » 
must be used (8). The number of mols of sulfur in colloidal suspension at 
any time can be calculated as 1000 X 47r*np/3M = 261.8nr? mols/1., 
where n = number of particles/cm.*, r = radius in cm., p = density of 
sulfur, and M = 32 = atomic weight of sulfur. 

Coagulation and Settling Corrections. Only the colloidal sulfur in sus- 
pension is measured by this optical method. To find the total amount of 
colloidal sulfur formed, the number of particles settling out and/or 
coagulating must be considered. The following equation gives the frac- 
tional decrease in number per unit time due to coagulation (first term) 
and stirred settling (second term) (6): 


— dn/n =-xnn + v/h, 


where « = 4k7'/3n as in the Smoluchowski coagulation theory, and v/h 
comes from n = ne~/*, in which v = velocity of fall as predicted from 
Stokes’ law, h = height of the system, and ¢ = time. The coagulation 
term is independent of the radius of the particles, while the settling term 
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depends upon v = 2r’g(p — po)/9n, where r = radius of particle, g = ac- 
celeration due to gravity, (p — po) = effective density of the particle, 
and 7 = viscosity. The proposed corrections are, of course, only approxi- 
mate, since stirring is certainly not complete and no account is taken of 
the effect of micellar electric charges on the coagulation rate (31). It 
should be of interest, nevertheless, to obtain an estimate of the extent 
of decrease in number and of the relative importance of coagulation and 
settling in that decrease. 


B. Experimental 


The technique for preparation of the sols was the same as that de- 
scribed in Section I on the homogeneous reaction. The sols were prepared 
in 2-liter.quantities and held at 25°C. Two separate aliquots of each solu- 
tion were prepared, one of which was studied from time = 0 to 12 hr. and 
the other from time = 12 to 24 hr. after mixing. The concentrations 
_ ranged from 0.0005 to 0.003 M in thiosulfate and 0.00075 to 0.006 M in 
- HCl. Preliminary experiments showed that small amounts of added 
KCl made no perceptible difference in any of the quantities measured, 
and the use of KCI in adjusting the ionic strength of the reaction mixtures 
to equality was omitted. In the experiments reported here, the only case 
in which a salt was added was in the demonstration of a positive kinetic 
salt effect by Lat++ ion. 

Titration Experiments. At approximately 2-hr. intervals, 25 ml. 
aliquots were removed from the reaction mixture for titration with iodine 
and NaOH. The iodine solution for each run was made by diluting a stock 
solution of 0.1 M I, in 0.25 M KI so that its molarity was half that of the 
thiosulfate in the sol. The iodine was standardized against a Na.S20; 
solution for which K.Cr.0,7 had been used as the primary standard. In 
~ each titration 1 ml. of 1% starch solution served as an indicator, and a 
blank was run on 1 ml. of indicator in a volume of distilled water equal 
to the total volume present at the endpoint of the titration of the sample. 
The NaOH reagent was carbonate-free. The molarity of the NaOH used 
in each run was approximately equal to that of the HCl in the sol. 
Methyl red was the indicator, and the titration was concluded at 
pH = 5.8. When the endpoint was very near, the volume of the solution 
was adjusted to 60 ml. and the titration was completed by further addi- 
tion of NaOH and comparison with Clark and Lubs buffers of pH values 
5.6, 5.7, 5.8, and 5.9 to which indicator had been added. The blanks con- 
sisted of indicator and distilled water. 

Optical Density Measurements. Measurements of transmittance were 
snade on aliquots of sol, in which the progress of the reaction was arrested 
by the addition of 50% of the stoichiometrically equivalent amount of 
0.1 M I», in quartz cells, 10 cm. length, in a Beckman spectrophotometer 
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(model DU). In most cases the minimum in the curve for optical density 
as a function of wavelength could be located in 15 min. The particle radius 
was calculated from the wavelength of this minimum transmittance from 
the relation amin. = 277r/N min. = 6.8 for X’ > 3200 A. For lower wave- 
lengths, where absorption occurs, Kenyon’s (8) values for amin. were used. 
The particle number was calculated from the optical density (7,8) : 


CK ante. = 2.3 log (Lo/D) nin. /arenl = 2.08. 


Errors. The accuracy and reproducibility of the quantities of reactants 
delivered by the hypodermic syringes used in the preparation of the sols 
was within 1%, as determined by titration. The pH (5.8) at the endpoint 
of the NaOH titrations was estimated to within 0.05 pH unit. An error 
of 0.05 pH unit causes a 1.5% error in the calculated amount. of total 
sulfite. The latter quantity exhibits an average total error of +3%, since 
it also depends on the iodine titration. 

The optical method used has been shown (7) to yield values of the 
radius that are accurate to within +0.01y, while the numbers of particles 
are correct to within 5%. A total error as large as 10% in the quantity 
nr’, from which the number of mols of colloidal sulfur in suspension is 
calculated, is small in comparison with the change in that quantity 
produced by varying the concentration of one of the reactants. 


C. Results 


Chemical Analyses. To obtain values of —A(H*) and A(I2) for the 
same time, the experimentally determined curves for —A(Ht) and A(I;) 
as a function of time were plotted. Values at arbitrarily chosen time 
intervals were read from them and used, as shown in Table IV, to calcu- 
late the concentrations of sulfite and polythionate. The concentrations 
of sulfite and polythionate as a function of time from Table IV are plotted 
in Fig. 4. Both runs shown are 0.002 M in Na.S.03 and HCl. In run 
83, 0.0005 M La(NOs3)3 was added. As in the homogeneous reaction, a 
positive salt effect indicates that the rate-controlling step in the formation 
of sulfite is a reaction between ions of like (and therefore negative) charge. 
The rate of formation of sulfite in the heterogeneous stage of the reaction 
is expressed by: 

d(sulfite)/dt = k(T)?(H). 

Table V shows the effect of the concentrations of the reactants on the 
rate of sulfite formation. The & values are calculated for times at which 
10% of the original thiosulfate had decomposed. In most cases, formation 
of polythionate accounts for + to 4 of the consumption of thiosulfate. 
This means that polythionate determined by the decrease in H+ concen- 
tration represents only about 8 mol-% of the sulfur-containing products 
of the reaction. 
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TABLE IV 


Sulfite and Polythionate Calculated from Titration Data for 0.002 M Na,S.0; and HCl 
(Units of concentration = 10-5 mols/].) 


Run Time —A(H*) A(I2) Sulfite Polythionate gia 
hrs. 
832 4 6.5 38e |4 106 12 13.6 
8 11.9 6.1 18.6 2.5 24.8 
12 17.3 7.5 24.5 3.8 34.0 
16 21.3 8.6 29.2 4.8 41.1 
20 24.0 9.7 32.8 5.4 46.2 
24 25.6 10.7 35.6 5.7 49.8 
84 4 5.8 2.8 8.7 he 11.8 
8 10.8 4.8 15.6 2.4 21.5 
12 14.8 6.1 20.4 3.3 28.6 
16 4) 384 Ta 24.6 4.2 35.0 
20 21.0 8.2 28.2 4.7 40.0 
24 23.2 9.2 31.4 5.2 44.8 


# La(NOs)3 added = 0.0005 M. 


Variation in Number of Suspended Particles. Table VI shows data 
obtained from optical measurements in a typical run, the calculated 
particle radii and numbers, and the corresponding molar concentrations 


40 


Jime in hours 


Fic. 4. Formation of sulfite and polythionate as a function of time from 0.002 M 
Na,8.0; and 0.002 M HCl. © no added salt. 0 0.0005 M La(NOs;); added. 
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TABLE V 
Dependence of Rate of Sulfite Formation on Reactant Concentrations 


(T)o, (H)o = initial conc. of NasS,O3; and HCl in mols/1. 
(H); = conc. of HCl at time ¢ when 10% of thiosulfate has decomposed. 


ie 10° 10% 108 105 (sulfite) 10-8 
(Tyo (H)o ’ (H)t (sulfite) tH) k 
PCO TET. |e ce | baa ace eee 
0.5 3 14.4 2.98 3.16 73.2 3.2 
6 7.1 5.98 3.09 72.8 3.2 
1 1.5 15.3 1.47 7.20 308 3.4 
3 10.2 2.97 7.34 241 2.7 
4.5 6.8 4,47 7.08 232 2.6 
6 4.0 5.97 7.30 304 3.4 
2 0.75 18.0 0.69 15.3 1180 3.3 
1.5 9.0 1.42 14.9 1130 3.1 
2 74 1.90 14.5 1010 2.8 
3 4.5 2.92 13.4 1010 2.8 
4.5 2.8 4.43 14.4 1150 3.2 
3 0.75 18.0 0.66 22.4 1770 2.2 
1.5 6.6 1.40 21.5 2250 2.8 
3 3.5 2.89 21.0 2040 2.5 
Qa 2 6.3 1.90 15.2 1240 (3.4) 


* La(NOs)3 added = 0.0005 M. 
Average 10-7 k = 2.9 + 0.3. 


of the sulfur in colloidal suspension—7.e., the sulfur capable of scattering 
light. When the variation of particle number with time was examined, 
it was noted that in every sol studied the particle number increased in 


TABLE VI 
Typical Transmittance Data and Results for 0.001 M Na2S.0; and 0.0015 M HCl 


Pie 
Time ’ min. 


Log (Jo/I) min. To 10-6 n/cm.? 105(.S)2 mols/I. 

hr, 

2.5 2750 0.0093 0.26 0.47 0.22 

4.8 3510 .0222 38 .04 .78 

6.7 3670 .0263 40 .59 .96 
11.6 3900 .0300 42 .59 WEA, 
14.0 4700 .0370 51 .50 1.74 
15.8 4810 .0347 102 A5 1.66 
19.2 5130 .0314 .56 .36 1.61 
24.1 5650 .0272 61 26 1.53 


¢ (S) = colloidal sulfur in suspension in the solution. 


") 7a 
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the early stages of growth, then decreased later. This is illustrated by the 


_ uncorrected curves for number vs. time in Fig. 5. It was also observed 
(see Table VII) that the maximum reached by the number of suspended 


particles in a sol was dependent on (T)?(H), or the rate of the chemical 
reaction, and that n began to fall off when r was approximately 0.4, a 
size at which the rate of settling of the particles becomes appreciable (32). 
These facts can be explained if it is assumed that increases in particle 


lO fecrP.L. 


7ime in hours 


Fia. 5. Particle number vs. time, © uncorrected and O corrected for losses due to 
coagulation and settling. 


Thiosulfate HCl P.I. 
A. 0.002 M@ 0.002 4 0 
B.  .001 .0015 1 
C. .0005 .006 0 


number are caused by the generation of sulfur at a greater rate than it 
can be deposited on the growing particles already available. If N = total 
number of sulfur droplets, and » = number in suspension, 


dn/dt = dN/dt — xn? — vn/h. 


When 7 = ‘maximum, dn/dt = 0, and dN /dt = xn?max. + YMmax./h. In the 
sols with which we are dealing, appropriate values for the quantities in 


the above equation are Mmax. = 10°/cm.*, « = 6 X 10-” cm.?/sec., 
v = 4 X 10-° cm./sec. (for r = 0.44), and h = 10 cm. Thus, the coagula- 
tion term is only 6 X 10-*4 cm.~? sec.—!, while the settling term is 4 X 10-” 
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cm.-3 sec.-! Since r, when 2 = Mmex., 18 nearly constant (as shown in 
Table VII), v is nearly constant also. Therefore, %max. is proportional to 
dN/dt. If dN /dt is proportional to the rate of the sulfur-producing reac- 
tion, max. becomes proportional to (7')?(H). This confirms the experi- 
mental results in Table VII. 

Growth of Particles in the Heterogeneous Stage. The curves in Fig. 6 
show the variation of 7? with time. After an initial rapid rise, r? becomes 
linear in time, showing that a steady state has been reached in the diffu- 
sion process that is responsible for particle growth. This steady state 


TABLE VII 


Particle Radii when n = Nmaximum and Effect of Reactant Concentrations on Nmaximum 
kn = Mmax./ (H)o(T’) o? 


103 108 Time when 7 when 1076 10-9 107 
(T)o (A)o n =Nmax- nl =Nmax- Mmax-/em.3 nmax-/(H)o kn 
0.5 3 12.0 hr. 0.44 p 0.26 0.087 3.5 
4.5 12.0 45 38 .084 3.4 
6 1S A5 .50 .083 3:3 
1 15: 9.5 41 .62 413 4.1 
3 4.5 38 1.19 397 4.0 
4.5 12.0 44 1.52 338 3.4 
6 6.5 38 2.06 343 3.4 
2 0.75 11.0 46 1.24 1.65 4.1 
TED 11.0 44 2.45 1.63 4.1 
3 8.0 38 5.44 1.81 4.5 
4.5 4.0 35 7.84 1.74 4.3 
3 0.75 6.0 36 3.04 4.05 4.5 
ess 5.0 35 5.84 3.89 4.3 
3 <0.2 -- 113 3.76 4.2 


Average r when n = Mmax, is 0.41 + 04. 
Average 10°“ k, = 3.9 + 0.4. 


is reached when r is between 0.35 and 0.40u. The data for r < 0.3u agrees 
with that obtained in the study of the condensation stage. The slopes of 
the 7? vs. time curves in all the cases studied were between 0.007 and 
0.012yu?/hr. The average slope for 15 sols, all having different concentra- 
tions of reactants, was 0.010u2/hr. + 20%. It has been shown that the 
rate of sulfur formation has a very marked effect on the number of par- 
ticles formed. This seems to be the chief effect produced, since the rate 
of increase of 7? with time is relatively constant. It is this constancy that 
accounts for the ease of reproduction of the sols when particle radius is 
the sole criterion, since a 20% variation in r? causes only a 10% vari- 
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ation in r. ‘This is the basis for the hitherto unexplained fact that the 
radius vs. time data of both Johnson (6) and Barnes (4) (see Fig. 6) fall 
on the same curve, although each experimenter used different concentra- 
tions of thiosulfate and acid. 


20 2s 


Qo 
Ao Fr 


70. 15 
77me in hours 


Fia. 6. Growth of droplets by diffusion process (r? and r in yu vs. time). Dotted lines 
represent data obtained during the condensation stage (ef. Fig. 3). Points were obtained 
as described under the heterogeneous stage. 


Thiosulfate HCl Slope (u*/hr.) 

A. OO 0.003 0.0015 0.0076 
eB .0005 -0045 .0104 

A .002 .00075 .0070 

iB; O -001 .0045 .0070 
Oo .001 .006 .0119 

TN .001¢ -002 .0130 
.0015° .003 .0130 


2 Johnson and La Mer. 
> Barnes and La Mer. 


Correction of n for Coagulation and Settling. Fig. 5 shows some results 
of correcting n for decreases due to coagulation and settling. Since « 
for water at 25°C. = 6.08 X 10—? cm.3/sec., the percentage decrease in 
particle number/hr. is equal to (6.08 X 10-Y¥n + v/h) X 3.6 X 10° or 


592 ETHEL M. ZAISER AND VICTOR K. LA MER 


(2.19 X 10-8n + 3.6 X 10'v/h). Corrections were made on each n value 
observed by adding the number of particles that had disappeared due to 
coagulation and settling. The calculation of each correction was based 
on the average number and radius of the suspended particles during the 
time interval between the measurement to be corrected and the one 
before it. At any time, then, the total number of particles that had been 
formed was taken to be the measured number plus the sum of all the 
corrections calculated for each measurement up to that time. This method 
is illustrated in Table VIII which shows some typical corrections applied 
to n. It should be noted that in Table VIII the particle number is fairly 
large for this type of sol, so that, until the particles reach a size of about 
0.5u, the hourly decrease in number due to coagulation far exceeds the 
decrease due to settling. In more dilute sols this is not the case—e.g., 
when Na.S.0;3; = 0.0005 M and HCl = 0.003, 0.0045, or 0.006 M, the 


TABLE VIII 


Correction of n for Coagulation and Settling, 0.002 M Na2S.03, 0.002 M HCl 
— An’ = decrease in n between a given measurement and the one immediately pre- 
ceding it. 


Time, hr. 2.5 4.6 6.9 10.5 14.4 

Yr, be 0.31 0.36 0.40 0.46 0.50 
105 v, cm./sec. 2.29 3.19 3.99 5.13 6.08 
h, em. 11.8 10.2 9.1 Cl 6.7 

10-®n/em?. 3 2.65 2.73 2.59 2.40 2.01 
%(—An)/hr. due to settling 0.70 La? 1.58 2.40 3.27 
%(—An)/hr. due to coagulation 5.80 5.98 5.67 5.26 4.40 
10-&(—An) /em’. /hr. 0.17 0.19 0.19 0.18 0.15 
10-°(— An’) /em3. — 0.38 0.44 0.67 0.66 
Corrected 10-*n/cm’, (2.65) 3.11 3.41 3.89 4.16 


particle number is in the range 0.2-0.5 & 10°/cm*. This means that the 
rate of disappearance of particles due to settling will be from 2 to 4 times 
greater than that attributable to coagulation. Such sols are more nearly 
monodispersed than the ones in which the coagulation rate is greater. 
Polydispersity caused by coagulation increases rapidly with increasing 
concentrations of thiosulfate and acid. If both reagents are 0.004 M, the 
Mmax. predicted by using the average k, from Table VII is 2.5 X 107/cm.3, 
and such a number will have an initial rate of decrease of 55%/hr. due 
to coagulation. 

These corrections are only approximate because of the following 
sources of error: incomplete stirring (settling correction should be larger), 
electric charge on micelles (coagulation correction should be smaller), 
and decrease in monodispersed character as the sol ages (coagulation 
correction assumes a monodispersed system exists). A further error may 
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be present in the case where Latt++ ig added, since coagulation there is 
probably faster than in other sols. The corrections serve, however, to 
give a better estimate of the total amount of colloidal sulfur formed in 
these sols than can be obtained from the uncorrected data. A comparison 
of the relative importance of coagulation and settling in sols of different 
particle size and number also furnishes an explanation for the dependence 
of monodispersed character on low reactant concentrations (as already 
shown), and for the instability of the sols as they “age.” From a com- 
parison of the corrected and uncorrected curves for n vs. time, it will 
be noted that a few new particles are continually being formed. As the 
sol ages, the original monodispersed set of particles first formed when 


80 


60 


20 


Time in hours 


Fic. 7. Sulfite (A), suspended colloidal sulfur (B), and estimated total colloidal 
sulfur (C) as a function of time for 0.002 M NavS.0; and 0.0045 M HCl. 


the supersaturation built up in the homogeneous stage was relieved, and 
which comprised the majority of the suspended particle population, 
gradually settles out. Both these factors, in addition to coagulation, 
make for polydispersity when the sol ages. At higher dilutions, where 
the rate of generation of sulfur has decreased after 15-20 hr., the forma- 
tion of new particles at that time is slow and settling has taken such a 
toll that the solutions are almost clear. 

Particles which have settled out or which have coagulated and then 
settled out are still in contact with the solution in which they grew. It is, 
therefore, not unreasonable to suppose that further growth will take place 
on them. If it is assumed that growth occurs on all particles, whether 
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still in suspension or not, curves for total colloidal sulfur such as the one 
in Fig. 7 are obtained. Such curves parallel the formation of sulfite as 
measured in titration experiments somewhat better than would curves 
based on the assumption that growth ceases after settling. The total 
colloidal sulfur which is calculated if the growth of the particles is assumed 
to continue, even after settling occurs, is certainly an overestimate of the 
total colloidal sulfur in the system, not only because of this latest assump- 
tion but because of the assumptions made in correcting n for settling 
and coagulation. Despite this, the difference between the number of mols 
of sulfite and the estimated number of mols of colloidal sulfur is too large 
to be interpreted as the number of mols of dissolved sulfur present. The 
application of such an interpretation to the data on the heterogeneous 
stage would lead to the conclusion that the concentration of dissolved 
sulfur increases very greatly with time. This is not the case, as was seen 
above when the growth rate of particles in this stage was discussed. It is 
well known, however, that polythionates in acid solution form higher 
polythionates by reacting with free sulfur or by taking up sulfur directly 
from thiosulfate (33,34) : 


SsOcm + S —S.Oe> 
or 


Ht -- S;O¢- + S.03= rie S6O¢g- + HSO;-. 


Either reaction would account for the fact that the quantity of sulfur is 
less than that of the sulfite found in the heterogeneous stage. The number 
of mols of sulfite and polythionate computed from titration data are 
correct since the reactions above do not alter the stoichiometric relations 
used in the calculation of those quantities. 


IV. SuMMARY 


An investigation has been made of the kinetics of the formation and 
growth of monodispersed sulfur sols prepared by the action of dilute 
HCl (0.00075-0.006 7) on Na.S203 (0.0005-0.003 17). The study has 
been divided into three parts. 


I. The Homogeneous Reaction. The formation of molecularly dis- 
persed sulfur begins as soon as the reactants are mixed. Ultraviolet 
absorption measurements with a Beckman quartz spectrophotometer at 
= 3000 A show that the concentration of dissolved sulfur reaches a 
constant value representing a limiting state of supersaturation, after 
which further formation of sulfur leads to condensation. Within the limits 
of experimental error the concentration of sulfur at the time, ts, when 
the phase change occurs is unaffected by changing the concentrations of 
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the reactants or by adding small amounts of salts. Furthermore, this 
time is reproducible and varies with the rate of formation of ante It 
depends also upon the degree of supersaturation of sulfur, the solubility 
of sulfur in the medium, the nature of the nucleation process that occurs 
at the phase transition, and the wavelength of light used to detect the 
initiation of eee iiedings Since these variables were eliminated by using 
the same solvent and wavelength for all experiments, tz is a valid measure 
of the rate of the homogeneous reaction. 

The effect of changing the concentrations of the reactants showed that 
the rate of formation of sulfur is proportional to (7)!(H)!, where (T) 
and (H) are the total molar concentrations of thiosulfate and hydrogen 
ion. The fractional order and the shape of the curves for optical density 
as a function of time indicate an autocatalytic reaction, probably of the 
chain type. The reaction exhibits a positive Brgnsted primary salt effect 
—e.g., the addition of lanthanum salts produces a marked acceleration. 

The rate-controlling step is, therefore, a reaction between negatively 
charged ionic species, either (S20;- + HS.03-) or (2HS.03;-). 

II. The Condensation Stage. This stage begins with the formation of 
nuclei capable of further growth, less than 2 min. before the appearance 
of colloidal sulfur is detected experimentally. The existence of a limiting 
state of supersaturation is in accord with the accepted theory for phase 
transitions. The degree of supersaturation that must be reached before 
condensation occurs is dependent to a critical extent on the rate of 
nucleus formation. 

Although, when the Tyndall beam first appears, the scattered light 
is bluish, its intensity is not proportional to r°/\* and Rayleigh’s limiting 
law (for r < X/10) cannot be applied to the determination of the sizes 
of particles because their radii are already 3 the wavelength of light. 
Attempts to detect the scattering at Sats radii failed because the 
number of particles is so small (106/cm.’). The particle number which 
is necessary to give perceptible scattering in this region is so large 
that rapid coagulation would occur according to Smoluchowski’s law. 
Values of the radius were determined by applying the Mie theory to 
measurements of optical density as a function of time at > = 4000 
and 8000 A. At these wavelengths sulfur is transparent and has refrac- 
tive indices for which calculated values of the scattering area coefficient 
K, = 2.3 log (Io/I)/mrnl as a function of a = 2mr/)’ are available. In 
the range a = 1.2-3.0 the variation of K, with a can be expressed by em- 
pirical linear relationships, thus permitting the determination of radii from 
0.07 to 0.30u. Since the variation of 7? with time is non-linear, a steady 
state in the diffusion process by which dissolved sulfur is deposited on the 
surfaces of the particles is not set up in the early stage of growth. 
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III. The Heterogeneous Stage. The overall rate of the chemical changes 
that occur during the growth of a sol has been found by titrations with 
iodine and alkali to be proportional to (7)?(H). The variation with time 
of the number and radii of the particles in suspension was determined 
by an application of the Mie theory to transmittance measurements. 
The occurrence of a maximum in the number vs. time curves is explained 
by ascribing increases in number to the formation of molecularly dis- 

persed sulfur at a greater rate than it can diffuse to the growing particles 
already present. Decreases in number result from coagulation and settling. 
From the asymptotic linear variation of r? with time it is suggested that 
a steady state has been reached in which the rate of diffusion of dissolved 
sulfur to the particle surfaces remains constant. 

The monodispersity of a sol is strongly influenced by the rate of sulfur 
formation. Polydispersity in the early stages of particle growth is caused 
by the continued formation of new particles while older ones are growing, 
and by coagulation, and is, therefore, favored by high reactant concen- 
trations. ‘The deterioration of a monodispersed sol on aging. is largely 
due to the settling out of the particles. 

An overestimate of the total amount of colloidal sulfur in these sys- 
tems has been made by correcting the particle number for decreases due 
to coagulation and settling, and by assuming that growth continues on 
all particles whether they are in suspension or not. In spite of this, the 
difference between the amount of sulfite found and the estimated total 
colloidal sulfur is too great to be interpreted as the quantity of dissolved 
sulfur present. This indicates that the pentathionate which is the product 
of a side reaction takes up sulfur to give higher polythionates. 


V. CoNcLUSIONS 


1. The homogeneous reaction proceeds in an autocatalytic manner 
with a rate dependence on (7')#(H)? to a constant concentration of dis- 
solved sulfur at which condensation occurs. 

2. Positive salt catalysis by La*+t* ion shows that the rate controlling 
step in the homogeneous reaction and in the overall chemical reaction 
that continues as the colloidal particles grow is a reaction between nega- 
gively charged ionic species, either (2HS20;-) or (S.03= + HS.0;-). 

3. An empirical linear relationship expressing the variation of the 
scattering area coefficient K, with a = 2rr/)’ as calculated from the 
Mie theory has been used to determine particle sizes in the ranger = 0.07— 
0.30u. 

4. Studies of the growth rate of particles show that growth proceeds 
by a diffusion process in which a steady state is reached after a pre- 
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liminary stage in which rapid condensation partially relieves the super- 
saturation existing at the time of nucleation. 

5. The rate of sulfite formation is proportional to the rate of the 
overall chemical reaction which titration measurements show depends 
on (7’)?(H) in the heterogeneous stage. Optical measurements show that 
this rate determines the number of colloidal particles that form. 

6. Increases in the number of particles in suspension with time are 
due to the production of dissolved sulfur more rapidly than it can diffuse 
to the growing particles, while decreases in number are caused by coagu- 
lation and settling. The characteristics of sols on aging are ascribable to 
these effects. 


REFERENCES 
1. La Mer, V. K., J. Phys. Colloid Chem. 52, 65 (1948). 


2. La Mer, V. K., anv Srncrarr, D., Verification of Mie Theory, O. S. R. D. No. 1857 
(1943); Dept. Commerce, Office of Publ. Board, Report No. 944. 

3. La Mer, V. K., ano Barnezs, M. D., J. Colloid Sci. 1, 71 (1946). 

4. La Mer, V. K., anp Barnss, M. D., ibid. 1, 79 (1946). 

5. La Mer, V. K., ano Kenyon, A. S., ibid. 2, 257 (1947). 

6. Jounson, I., anp La Mer, V. K., J. Am. Chem. Soc. 69, 1184 (1947). 

7. BARNES, Kenyon, ZAISER AND La Mer, J. Colloid Sci. 2, 349 (1947). 

8. Kenyon, A. S., anp La Mer, V. K., in press. 

9. Lanpou.t, H., Ber. 16B, 2958 (18883). 
10. FoussEREAU, G., Ann. chim. phys. [6] 15, 533 (1888). 
11. Bittz, W., anp Gaunt, W., Nachr. Ges. Wiss. Gottingen, Math.-physik. Klasse, 300 


(1904). 

12. SHEFFER, J., AND Boum, F., Z. anorg. allgem. Chem. 183, 151 (1929). 

13. OstwaLp, W., Lehrbuch der allgemeine Chemie, 2d ed., pp. 291-294. 1902. 

14, JaBLozynski, C. K., anp WarszAwskKa-RyTEL, Z., Bull. soc. chim. France 39, 409 
(1926). For similar data at concentrations of 0.01-0.04 M NaS.0; and 0.005- 
0.02 M H2SO, see G. Oster, J. Colloid Sci. 2, 291 (1947). He considers the rate 
of coagulation. 

15. Houtieman, A. F., Rec. trav. chim. 14, 71 (1895). 

16. Bassett, H., anpD Durrant, R. G., J. Chem. Soc. 1927, 1401. 

17. PRakkgE, F., anp Stiasny, E., Rec. trav. chim. 52, 615 (1933). 

18. Taupe, H., J. Am. Chem. Soc. 65, 526 (1943). 

19. Foss, O., Tids. Kjemi, Bergvesen Met. 1, 3 (1946). 

20. La Mer, V. K., anp Tomunson, H., Ind. Eng. Chem., Anal. Ed. 9, 588 (1937). 

21. La Mer, V. K., J. Franklin Inst. 225, 709 (1938): See p. 726. 

22. Votmer, M., Kinetik der Phasenbildung. Edwards Bros., Ann Arbor, Michigan, 
1945. . 

23. FRENKEL, J. J., Kinetic Theory of Liquids, Chap. VII. Oxford Univ. Press, 1946. 

24, Gisss, J. W., Trans. Conn. Acad. III, 1875-1878. Reprinted in The Collected Works 
of J. Willard Gibbs, Vol. I (Thermodynamics), pp. 242, 252-258. Longmans, 
Green and Co., New York, N. Y., 1928. 

25. Problems similar to this have been treated by M. von SmotucHowskI, Z. physik. 
Chem. 92, 129 (1917); I. Lanamurr, Phys. Rev, 12, 368 (1918); K. Neumann, 
see VoLMER (ref. 22), p. 209. 


598 ETHEL M. ZAISER AND VICTOR K. LA MER 


. Gin, J. C., AND Brato, J., Ber. 56B, 2451 (1923). 

. La Mer, V. K., anp Yatss, J., Science 106, 508 (1947). 

. Barnes, M. D., anp La Mer, V. K., J. Colloid Sci. 2, 361 (1947). 

. Sincuarr, D., J. Optical Soc. Am. 37, 475 (1947). 

. Kurrenacker, A., Analytische Chemie der Sauerstoffsiuren des Schwefels, p. 137. 


Stuttgart, 1938. 


. Desys, P., Trans. Am. Electrochem. Soc. 82, 265 (1942). 
. JOHNSON AND La MER (ref. 6) were able to utilize the rate of deposition for radius 


measurements on 0.38y and larger particles. 


. ForrsTer, F., AnD CENTNER, K., Z. anorg. allgem. Chem. 157, 45 (1926). 
. Kurrenacker, A., Mutscuin, A., anp Stastny, F., zbid. 224, 399 (1935). 


Erratum 


On page 334 of this volume, the sentence ending on the last line should 


read “‘.... is here invalid,” instead of ‘... . is herein valid.” 


BOOK REVIEWS 


Advances in Carbohydrate Chemistry, Vol. 3, edited by W. W. PigmMan anv M. L. 
Wo.rrom. Academic Press, Inc., New York, 1948, xvii + 748 pp., $10.80. 


The many fields of investigation legitimately falling under the heading of carbo- 
hydrate chemistry are represented in this, the third volume of the series. The first 
article of this volume is by Professor C. S. Hudson who also was the author of the first 
articles in the earlier volumes. Thus, a precedent is being established which, one hopes; 
will be followed through many future volumes. Professor Hudson presents in his paper 
the historical aspects of conventions for writing stereo-formulae with a thoroughness 
and clarity which reflects his love for his subject. 

A series of articles review the chemistry of certain sugar derivatives. Thus E. G. V. 
Percival discusses hydrazone and osazone derivatives of sugars; Hewitt G. Fletcher, Jr., 
the cyclitols; Burckhardt Helferich, the trityl ethers and John W. Green, the oxidation 
of simple sugars. The question of glutose in cane molasses is analyzed interestingly by 
Louis Sattler. The article by Jack Compton on the molecular constitution of cellulose 
includes much material that has been reviewed in other places. It should, however, serve 
the purpose of calling to the attention of carbohydrate chemists the possibility of apply- 
ing physical methods to polysaccharides other than cellulose with the promise of great 
success. 

Karl Myrback’s article on starch and glycogen will be welcomed by the starch 
chemist since it brings into the compass of fifty-eight pages a discussion of the results 
of approximately seventy published papers from Professor Myrbiick’s laboratory. 

Modern techniques are represented by a review of “Isotopic Tracers in the Study 
of Carbohydrate Metabolism” by Samuel Gurin. The subjects of bacterial polysaccha- 
rides and of carbohydrate antibiotics are being pursued at a fast pace at the present 
time; the article on the polysaccharides of mycobacterium tuberculosis by M. Stacey 
and P. W.-*Kent could well serve as an introduction to the one subject, while the article 
by R. U. Lemieux and M. L. Wolfrom on streptomycin as a complete story on the other. 

With few exceptions the articles in this volume attempt a complete review of the 
subject and are not limited to a discussion of recent advances. The volume should, 


therefore, find an audience outside of the group of carbohydrate chemists. 
Cuares O. BECKMANN, New York, N. Y. 


Organic Chlorine Compounds. By Ernest Hamun Huntress. John Wiley & Sons, 
Inc., New York, 1948. 1443 pp. Price $27.50. 

This book is the second in a series of tables of data on organic compounds by the 
present author. It presents a compilation of material on a selected list of compounds of 
carbon, hydrogen, oxygen and chlorine. The compounds are arranged as before in order 
of increasing melting or boiling points and the literature has been covered through 1945. 
According to the author 47% of the references are of a vintage later than 1929. 

Certain novel features of the book deserve special comment. All reported values of 
each physical constant are listed separately. For example, 9 melting points, all uncor- 
rected and all lying between 65° and 68°C. (inclusive), are listed for desyl chloride. 
Since these differ from each other by less than the experimental error it is difficult to 
see the value of the 8 repetitions of the original melting point. A second innovation is 
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the inclusion of what Professor Huntress calls “negative entries.” When common 
derivatives of a compound have not been reported in the abstract journals up to 1945 
they are often listed with the notation “unreported.” As the author points out this 
should save considerable effort which might otherwise be wasted in a futile literature 
search. 

The work differs from the previous volume, which concerned itself largely with the 
problem of identification, in that it has been expanded to include methods of synthesis, 
uses, and general chemical properties of the compounds described. It has, therefore, been 
necessary to omit a number of fairly common chlorine-containing compounds in the 
category under consideration. For example, although 22 pages and over 600 references 
are devoted to chloroacetic acid, y-chloropropyl methyl ether is not listed, although it 
appears in both the main work and the first supplement of Beilstein’s Organic Chemistry. 
It occurs to the reviewer that a work which had a more comprehensive list of compounds 
and less detailed information of the sort that can be found in Beilstein would be of some- 
what more general use. 

The present compilation has been made with the same care as the previous volume 
and is relatively free from typographical errors. It should be of considerable value as a 
reference work to anyone doing research in organic chemistry. In view of the limited 
scope of the work and its high price, however, it is unlikely that many organic chemists 
will feel able to afford a personal copy. 

Davin Y. Curtin, New York, N. Y. 
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